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ABSTRACT

POLYMER PYROLYSIS AND OXIDATION STUDIES
IN A CONTINUOUS FEED AND FLOW REACTOR:
CELLULOSE, POLYSTYRENE, AND POLYETHYLENE

by
Byung-Ik Park

A dual zone, continuous feed tubular reactor is developed to assess the potential for
formation of products from incomplete combustion in thermal oxidation of common
polymers. Solid polymer powder (cellulose, polystyrene, or polyethylene) is fed
continuously into a: volatilization oven where it fragments and vaporizes under
continuous steady state conditions. The gas phase polymer fragments flow directly into a
second, main flow reactor oven and undergo further pyrolysis and oxidation reaction.
Temperatures in the main flow reactor are varied independently of the volatilization zone
to observe conditions needed to convert the initial polymer fragments to CO, and H2O.
Combustion products are monitored at main reactor temperatures from 400°C to 750°C
and at 2 seconds residence time with four, on-line GC/FID's; polymer reaction products
and intermediates are further identified by GC/MS.
Forty one species are positively identified in the volatilization of cellulose. Increases
in temperature at constant fragment reaction time shift the molecular weight distribution
of gas products toward lower mass and increase extent of conversion. Complete
conversion (mineralization) of identified cellulose fragments is observed at 2 seconds
reaction time and 750°C under fuel lean conditions. Major volatilization products at

400°C are carbonyl compounds, hydrocarbons, furans, pyrans, and anhydrosugars.
Cellulose in the presence of NaCl (5 % of Cl) shows higher decomposition of
levoglucosan and more rapid conversion of major initial products to CO and CO2.
Formation of major initial products,

C6

oxygenated species, hydrocarbons (C5 — C7),

furan derivatives (C 4 and C5), and light species (C1— C4) are somewhat inhibited by NaCl
at fuel equivalence ratios 4) = 0.25 and 4) = ~ 0.8, but increase higher at (I) = — 0.8 except
for light species at low temperatures.
Fifty two initial fragments from combustion of polystyrene are positively. Major
initial products are monomer, dimer, and trimer styrene. Increases in temperature of the
main reactor increase production of polynuclear aromatic hydrocarbons (PAHs) and the
extent of conversion. Complete conversion of identified initial fragments is observed at 2
seconds residence time and 750°C under both 4) = ~ 0.1 and 4) = 0.8. There are no
observed NaCl effects on combustion of polystyrene: The product distribution versus
temperature is changed for high yield species and complete decomposition of initial
products is increased by about 50°C at 4) = ~ 0.8 relative to = ~ 0.1.
The pyrolysis and oxidation of medium density polyethylene (MDPE) with branch
chains is conducted in the main reactor temperature range of 400°C to 650°C. Fuel
equivalence ratios are between 4) = 0.24 and 0.32 at 2 seconds residence time. Ninety
species are positively identified. Major products are alkanes, alkenes, aldehydes, ketones,
and alcohols in the range of C1 to

C22.

Most prominent products over 1 % (by mass) are

CO, CO 2 , methane, ethene, formaldehyde, propene, propane, butene, 2-pentanone, and
pentanal. Complete combustion is achieved at relatively low temperature of the main
reactor, 650°C.
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CHAPTER 1

INTRODUCTION

Government agencies and industry are increasingly being required to demonstrate that
their products are not harmful to the environment, inclusive of the varied methods of
disposal. Landfill, which is a common disposal method, is now significantly decreasing
in both availability and use, while refuse-to-energy and municipal incineration is
increasing. Although incineration processes provide an important and increasingly useful
mechanism for the safe conversion (mineralization) and volume reduction of municipal
solid waste, they are often strongly opposed by many environmental groups due to
concerns resulting from the possible emission of toxic effluents [1-5].
Oxyhydrocarbon and hydrocarbon polymers such as cellulose, polystyrene, and
polyethylene constitute a significant proportion of municipal solid waste. In the USA,
cellulose as the main component of paper contributes approximately 39 % by mass and
plastics contribute approximately 9 % by mass to municipal solid waste [6]. Although
these materials are useful as fuels in incineration processes and refuse-to-energy
conversion due to their relatively high heat value, environmental concerns exist over
possible products resulting from incomplete combustion in municipal waste incinerators
[7-10].
A number of studies on thermal and oxidative decomposition of polymers have
reported valuable data on products or overall rates of polymer volatilization and reaction
under non-steady state operating conditions. However, these experiments use a
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combustion process and atmosphere that are not fully relevant to continuous operation
incineration processes or fully appropriate to the determination of conditions required to
achieve complete conversion to an environmentally desirable product set of CO2 and H20
- complete mineralization, in a waste incinerator [12-31, 73-87]
One class of experiments uses a batch reactor, in which bulk polymer material is
inserted into a reactor tube in a high temperature oven and products are analyzed either
after some relatively long time period, or as a function of time. The reaction forms a wide
range of products from those of partial volatilization to complete mineralization, i.e., CO,
CO2 and H20. The nature of a batch reactor does not facilitate a quantitative study of
features such as volatilization rate, uniformity of gas composition, reaction extent, and
the formation time or rate of intermediate species under a known fuel equivalence ratio.
At high temperatures the reaction process is similar to drum insertion into a rotary kiln,
an initial puff occurs and subsequent reactions proceed in a changing environment of bath
gas composition around the polymer [14-15, 73].
A second common type of reactor is a drop tube furnace. Here, a solid particle is
introduced at the top of the drop tube and is allowed to fall and react continuously during
its fall throughout the length of the reactor. This experiment is ideal for monitoring the
mass loss of a particle and allows the characterization of intermediate products. Since the
particle vaporizes continuously, initial products are released following the course of the
particle along the entire reactor length, and then undergo subsequent gas phase reaction
over a range of times between their initial volatilization from the particle and exit from
the reactor. The drop tube experiment therefore suffers some of the same difficulties as
the batch reactor oven. In a drop tube, one does not know whether products were formed

3
early on and then reacted further in the gas flow, or whether products were formed
immediately prior to the exit of the particle from the reactor. Similarly, in a batch reactor
products could have been formed at any time between the beginning and end of the
reaction time and undergone further reaction thereafter. The same difficulties are
encountered in ramped or flash-heated thermogravimetric and calorimetric reactors, in
which a pulse of product occurs during a short temperature and time interval, and the
subsequent decomposition rates change dramatically with temperature [73-76].
A third reactor referenced frequently in the studies on polymer decomposition is a
temperature programmed calorimeter or thermal gravimetric analyzer (TGA), where the
polymer mass is monitored (mass loss from an initial mass charge) and sometimes
products are monitored, as the initial mass is exposed to a temperature ramp. Global
kinetics of the polymer volatilization are determined, but further reaction of the products
are usually not monitored [32-43].
These different experiments are valuable and have provided a relatively large amount
of data relating to polymer decomposition.
The experimental apparatus of this study is designed for the analysis of reaction
products from the high temperature oxidation of cellulose and other polymers, such as
polyethylene and polystyrene, over a range of continuous, uniform and controlled
conditions [58]. The reactor consists of a first-stage chamber, a "preheat" or
"volatilization" oven, into which is fed a continuous flow of solid polymer powder or
uniform solid. The polymer vaporizes there at a steady rate and over a highly localized
region. Decomposition and evaporation occur continuously throughout the interval of
powder feed forming a steady and localized supply of initial polymer fragments.
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A constant, uniform flux of initial polymer fragments then enters a second-stage,
tubular flow or "main" reactor, where further reaction can be monitored under controlled
conditions. This main reactor can be maintained at isothermal and relatively low
temperatures from 300°C to 400°C under a known constant flow of inert gas to allow the
initial polymer fragments to pass without condensation or significant further reaction and
degradation. These conditions are used to analyze the volatilization products. Stable
molecules resulting from the initial polymer fragments are then analyzed by four, on-line
GC/FIDs or by batch sample injection to a GC/MS. Qualitative and quantitative
identification of the effluent from the volatilization oven allows kinetic studies and
characterization of reactions that occur in the main reactor.
The main reactor can also be held isothermal at much higher temperature, relative to
the initial volatilization reactor, and at a known constant carrier or bath gas and polymer
flow rate, under either an inert or oxidizing atmosphere. This will allow study on
reactions (conversion) of the initial fragments. Development of kinetic models with
validation experiments on the reaction of actual polymer feed fragments will lead to the
use of these models to indicate suitable directions for combustion optimization and
control.
The first experimental step is the qualitative and quantitative identification of the
initial polymer fragment effluent from the volatilization oven. Once the effluent from the
volatilization oven, at a given set of conditions (i.e., polymer flow, bath gas flow, and
temperature) is characterized, the temperature of the main reactor is increased from that
of the volatilization oven temperature in 50°C increments up to a temperature sufficient
for complete conversion - mineralization. Reactions of the initial polymer fragments thus
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proceed in the main reactor at a constant, set temperature and controlled gas composition
(fuel equivalence ratio 0. The fuel equivalence ratio for a given run is defined as the
ratio of ideal moles of oxygen required for stoichiometric reaction to actual moles of
oxygen supplied.
Fuel equivalence ratio (4) = (Fuel /

02 )actual /

(Fuel / O2)stoichmer

Reaction of the products in the heated transfer or connecting lines, which are maintained
at approximately 220°C, exiting the main reactor and the analytical instruments is
assumed insignificant due to the much lower temperature, relative to volatilization or
main reactor. When the temperature of the main reactor is increased up to a level between
650°C and 700°C the initial cellulose polymer fragments are observed to be almost
completely mineralized to CO, CO2, and H20.
We report experimental studies on a wide range of initial vapor phase species that
result from pyrolysis and oxidative reactions together with intermediate and final
products, which have been measured in this tubular flow reactor. Temperatures are varied
from 300°C to 750°C and reaction time is fixed at 2 sec in fuel lean environments - with
and without NaCl (8.24 %). The data cover a wide range of reactant conversion, specific
polymer feed, reactor temperatures for fate and complete combustion, and residence
times, which have been selected to represent those in a solid waste incineration process.

CHAPTER 2

PYROLYSIS AND OXIDATION OF CELLULOSE

2.1 Introduction
Cellulose is a natural biopolymer, with its molecule C6H10O5 (cellobiose) consisting of
approximately 50 mass % oxygen. Oxygen that is incorporated into the ring structure or
oxygen in ß-glycosidic bond is expected to effect both the ring opening chemistry and the
rates of production of carbonyls, carbon monoxide, and carbon dioxide. The presence of
oxygen in the molecule contributes to minimize aromatic formation in cellulose pyrolysis
and incinerator systems relative to other non-oxygenated polymer structures [11] .

Figure 2.1 Cellulose Structure, C6111005

Studies on pure cellulose pyrolysis and oxidation are focused on the identification of
decomposition products, reaction pathways for formation of primary and secondary
products at different heating rates and temperatures, which fall into general categories of
low and high temperatures. There are few studies on pure cellulose at temperatures over
700°C in the literature due to its low heating value and oxygenated structure. Pastorova et
al. reported an extensive list of products from the pyrolysis of cellulose, which is initially
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charred at 190°C to 390°C and then further reacted at temperatures of 610°C and 770°C.
In analysis by capillary gas chromatography-high resolution mass spectrometry (Py-GCMS) they found mostly pyranones, furanones, furans, and levoglucosan as main products
in the low temperature char 190 and 220, but with increase of charring temperature the
oxygenated compounds are less abundant than aromatic compounds, such as benzofurans
and naphthalenes. In FTIR analysis char 250 still shows the pyranose structure of
cellulose, which has O-H stretching (3100 - 3600 cm -¹ ), C-0 stretching (1200 cm -¹ ), and
C-O-C skeleton vibration (1080 cm -¹ ). They validated that severe dehydration increased
with decreasing of 0-H stretching and pyranose ring structure was not preserved in the
spectrum of char 390, but aromatic vibrations were more abundant such as C=C skeleton
vibrations (1450 cm -¹ ) and C-H deformation vibrations (1000 - 1200 cm -¹ ). NMR results
also showed progressive loss of carbonyl absorption, which is found in the oxygenated
compounds and occurred with increasing charring temperature [12]. Keating and Gupta
investigated the oxidative pyrolysis of cellulose at temperatures between 1500°K and
2900°K at identical fuel equivalence ratios both in air and in 02. They observed larger
quantities of the identified products from pyrolysis and oxidation in air, relative to that in
O 2 . They recommend a cellulose combustion process of initial pyrolysis, then stages of
oxidation and pyrolysis for minimization of intermediate products and NO2 formation
[13].
A number of studies have been reported on cellulose pyrolysis and combustion at
temperatures below 700°C and these consistently show similar intermediate product
distributions [14-17]. Pouwels et al. studied Curie-point pyrolysis at 510°C with
combined Py-GC-MS through electron impact and chemical ionization. They identified
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96 compounds as cellulose pyrolysis products, which are characterized into carbonyls,
acids and methyl esters, furans, pyrans, anhydrosugars and hydrocarbons. Major products
were levoglucosan and low molecular weights compounds. They proposed possible
pathways by which levoglucosan and cellobiosan decompose into CO2 and other small
products, such as acetaldehyde, propanedialdehyde, hydroxyacetaldehyde,
hydroxypropanone, 1-pentene-3,4-dione, 1,2-dihydroxyethene, formic acid, tetrahydrofuran-3-one, 2,3-dihydroxy-propanal, 2-hydroxybutanedialdehyde. They also found that
anhydro oligosaccharides can form furan and pyran derivatives, which are 3H-furan-2one, 2H-furan-2-one, 2-furanmethanol, 2,3-dihydro-5-methylfuran-2-one (
α-angelicalactone), 5,6-dihydropyran-2,5-dione, 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one,
methylformyl-(4H)-pyran-4-one, 3-hydroxy-2-methyl-(4H)-pyran-4-one, 5-(2-hydroxyethylidene)-(5H)-furan-2-one, and 2,4-dihydropyran-3-one [14]. Jakab et al. focus on
thermal decomposition products from cellulose and wood effected by the presence of
solvents when their reactor is heated to 400°C at 20°C/min. They proposed a pathway for
the formation of furan derivatives from decomposition of cellulose in the presence of
water [15]. Shafizadeh presented several pathways from pyrolysis of cellulose. Pyrolysis
of cellulose at below 300°C involves reduction in molecular weight, evolution of water,
CO and CO2 and char, especially formation of carbonyl, carboxyl and hydroperoxide
groups. At higher temperature between 300°C and 500°C cellulose shows production of
tar, including levoglucosan, anhydrosugars, oligosaccharides, pyrans, and furan
dehydration products. Flash pyrolysis for cellulose above 500°C results in fission,
dehydration, disproportionation, and decarboxylation reactions to produce low molecular
weight gaseous and semivolatile compounds. The dehydration products include 5-
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(hydroxy-methyl)-2-furfural, 2-furfural, other furan derivatives, other pyran derivatives,
levoglucosenone, and levoglucosan. The fission products of sugar units provide water,
CO2, CO, carbonyl, carboxyl, olefinic compounds, and char [16].
Several research groups investigated thermal decomposition of biopolymers, of
which cellulose is an important fraction, over a range of temperatures [18-31].
Funazukuri et al. measured weight loss and product yields (C6 species and below) from
the flash pyrolysis of cellulose powder, cellulose particles, and filter paper under batch
conditions. Reaction temperatures and heating intervals ranged from 310°C to 770°C and
from 0.5 to 20 sec, respectively. They reported that CO yields increase with weight loss
and pyrolysis temperature. CO 2 yields are proportional to weight loss but are independent
of pyrolysis temperature (over this range) [18]. Encinar et al. used a tubular reactor
containing a batch sample of polymer to study gaseous effluent from olive and grape
bagasse. Gas concentrations were measured at temperatures from 300°C to 900°C.
Gaseous products and solids from combustion were observed to decrease with increasing
temperature. Biomass is one of main sources in solid waste incineration [19]. Studies by a
number of researchers report that products from thermal degradation of biomass are
similar to those observed in cellulose pyrolysis and oxidation [20-31].
The kinetic studies of cellulose pyrolysis have focused on global rate constants with
activation energy for cellulose pyrolysis in terms of high heating and low heating
environments through TGA analysis [32-43]. Suuberg's group conducted a number of
studies on cellulose pyrolysis. They conclude from TGA experiments and literature data
that cellulose exhibits two different activation energies in its decomposition. One value
reported for overall decomposition is 140 - 155 kJ/mole, which is observed with both low
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and high heating rates and Tramps to temperatures above 327°C. A second value of
about 218 kJ/mole applies for decomposition with lower heating rates to temperatures
below 327°C. They conclude that the occurrence of different activation energies is due, in
part, to the role of relatively high molecular weight products, or tars, and that the actual
kinetics are more complex than can be described by an overall process [32, 33].
Thermal decomposition of biomass or cellulose in the presence of inorganic catalysts
has also been addressed. A large majority of studies show that the existence of inorganic
additives can enhance or inhibit the combustion of cellulose, municipal solid waste, or
biomass as fuel [44-57]. Kanters et al. studied the chlorine emissions in municipal solid
waste incineration and reported that HCI emissions vary with chlorine feed method. Pure
solid NaCl converts into 1 - 2 % HCl at 850°C in the furnace, while dry NaCl added to
solid waste transforms into 9 - 12 % HCl emission. 30 % of chlorine is emitted as HCl
after NaCI solution is added to the compostable and dried. They also found 50 - 60 % of
chlorine is emitted as HCl with addition of aqueous NaCI and use of humidified air [44].
Van der Kaaden et al. studied pyrolysis of amylose that is suspended in various solvents
with different salt ratios by using Pyrolysis-GC-MS at a curie-point temperature of
510°C. Na2CO3, ZnCl2, sea salt matrices, and the combinations with NaCl to MgSO4 or
NaH 2PO4 result in the largest changes in total intensity for amylase from the pyrolysis
matrices. They concluded that carbonyl compounds, acids and lactones are formed under
alkaline and neutral conditions, furans and anhydrohexoses from neutral and acidic
conditions, unsaturated hydrocarbons and aromatic compound from alkaline or
dehydrating matrices [45]. Low et al. studied effects of chlorine in cellulose pyrolysis and
char oxidation in vacuum and in dry air by using IR photothermal beam deflection
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spectroscopy. They found that the addition of 5 % of Cl to cellulose accelerates
destruction of the cellulose structure at lower temperatures and increases the reaction
rates. With the increase of temperature, cellulose containing 5 % of Cl increased the
decomposition of aliphatics and production of char [46]. Wornat et al. investigated the
physical and chemical transformations of biomass chars, which are pyrolyzed at 625°C, at
1600°K in a laminar flow reactor with 02. They found three stages in the combustion of
these biomass chars. Devolatilization occurs in the initial stage, which leads to the
removal of amorphous material and release of oxygen and hydrogen rich gases. The
second stage involves several inorganic transformations. They also report that
volatilization of potassium (K. boiling point 1047°K) and sodium (Na, boiling point
1115°K) and the incorporation of Ca and or alkali metals into silicates lowers the
softening temperature of ash and contributes to ash deposition. Inorganic constituents
transform from amorphous phase to crystalline forms in the final third stage [47].
Experiments in this study are designed to monitor pyrolysis products in a continuous
feed reactor in which decomposition occurs at a constant temperature and under
continuous and uniform conditions. It also provides a means of identifying a large number
of initial polymer decomposition molecules, which are produced at the relatively low
temperatures of the initial, or volatilization oven. Experimental results on the oxidation of
the initial cellulose decomposition products in the second or main reactor as a function of
both temperature and residence time under different fuel lean conditions (4 = — 0.25 and 4.
= — 0.8) are also presented. These are relevant to municipal incinerators. The effect of
NaC1 on the combustion of cellulose is also observed. Products of incomplete combustion
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are analyzed qualitatively and quantitatively, allowing an initial identification of
operating parameters that promote effective conversion.

2.2 Experimental
2.2.1 Reagents
Pure microcrystalline cellulose (Sigma Sigmacell type 101) is dried at 105°C in an oven
before feed. Cellulose sample with NaCl (wt %) is prepared by adding 8.24 % of NaCl
(3.24 % of Na plus 5 % of Cl) in H2 0 solution and then evaporating H20. The sample is
kept in a desiccator. Over 30 standard chemicals (Aldrich Co.) for GC/MS and GC
identification of products were purchased and their purities were determined by
normalizing with GC area.

2.2.2 Experimental Apparatus
The experimental apparatus is shown in Figure 2.2 and consists of a tubular flow reactor
with heater and on-line analytical systems [58]. The reactor has a horizontal quartz tube
of 79 inches (2 m) length with 1.05 cm inner diameter surrounded by a series of electrical
heaters to effect uniform temperature profile; heater distribution is shown in Figure 2.3.
The heaters are 1.25 inch (3.17 cm) inner diameter and are distributed over two oven
zones, total length 64 inches (1.62 m). The first zone, or volatilization oven, has one 3
inches (7.6 cm) length heater and one 8 inches (20.3 cm) length heater. The initial 3
inches (7.6 cm) heater has a higher heat flux to compensate for loss at the reactor inlet.
This allows the incoming gas and polymer feed to be brought up to temperature quickly;
while the 8 inches (20.3 cm) heater serves to maintain a uniform temperature within the
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Figure 2.2 Experimental Apparatus

Figure 2.3 Distribution of Heaters in the Dual Oven Tubular Flow Reactor
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volatilization oven exit and allows the initial vapor fragments to pass into the second
oven (reactor) zone without condensation. The second oven zone is the main reactor
oven, which has two central 18 inches (45.7 cm) heaters and two 8 inches (20.3 cm) end
heaters. Each cylindrical heater is made by cementing together two semi-cylindrical
"clamshell" units; this arrangement of heaters and the heater power outputs are listed in
Table 2.1.

Table 2.1 Power Output for Each Heater Unit.
Length of heater
3 inch
Volts
28.25
Total wattage
300

8 inch
115
730

18 inch
115
1450

Cellulose powder is fed uniformly into the volatilization oven where it is volatilized
and partially decomposed. The temperature of the 3 inches (7.6 cm) volatilization oven
heater is adjusted with a Variac voltage controller, and the oven temperature is
maintained at a uniform steady temperature (± 10°C) usually chosen between 300°C and
550°C. The volatilization oven temperature and polymer feed rate are adjusted so as to
maintain a uniform initial product stream without significant further degradation of the
fragments. Volatilized gases and polymer fragments produced within the volatilization
oven can be drawn off through a heated bypass line to the analytical train to enable
analysis of initial fragments of the polymer matrix under investigation.
The primary flow path is through the main reactor oven, which has a separately
controlled uniform temperature profile, where conditions for partial gas phase reaction or
complete decomposition and mineralization can be imposed. The main reactor is of 52
inches (132 cm) overall length and can house a reactor tube of up to 1 inch diameter. The
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volatilization oven heaters and all main reactor oven heaters are controlled by Jenco
thermocouples with 15-amp relays to permit the maintenance of stable, i.e., steady and
uniform, temperature profiles. The temperature profiles of the turbular reactor are shown
in Figure 2.4 and are obtained using a K type thermocouple probe that can be moved coaxially within the reactor. The temperature measurements are performed with a steady
flow rate of air or synthetic air to determine accurate temperature profiles for each
residence time and temperature setting. With thermal insulation and at their maximum
rated power, the heaters can reach a temperature of 1300°C. The heaters are operated at
up to a half of their maximum rated current load to limit temperature over-run and ensure
precision in maintaining steady uniform temperature profiles. This limits the main reactor
temperature to a maximum of 1100°C but provides temperature control over the central
portion of the reactor is within ± 10°C.

2.2.3 Polymer Powder Feed
A continuous powder feed mechanism is used. A small diameter open-top (U-channel)
quartz or stainless steel tube of about 8 inches (20.3 cm) length and half circle crosssection area of 0.38 cm 2 is filled with a uniform distribution of polymer powder of known
bulk density. This U-channel "boat" is fed slowly into the volatilization oven by
connecting it to a variable drive syringe-pump via a 2-mm diameter stainless steel rod,
which passes through a septum at the upstream end of the reactor tube. The septum seals
the internal reactor volume from outside air. The feed rate can be adjusted from below 0.5
mm/min up to 40 mm/min. Typical polymer feed rates range from 5 mg/min to 100
mg/min, which are sufficient to allow a close approximation of steady-state conditions
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over a period of up to 30 min. The mass of polymer entering the reactor per unit time is
determined by the mass per unit length of powder in the boat, the translation rate of the
feed mechanism, and the mass of the residue remaining in the boat (if any) at the end of
each run. The initial polymer fragment concentrations as range from 1 mg/l to 100 mg/l
produced in the volatilization oven.
A typical cellulose sample, with or without NaCl and at both ø=~0.25 and (I) =
0.8, is filled about 700 mg into 4 inches (10 cm) of the boat at uniform density. The boat
at (1) = 0.25 starts from a position 2 inches (5 cm) outside of the volatilization oven
(360°C). It is moved at a constant rod speed of 6.55 mm/min by the syringe pump to a
position 4.57 inches (11.6 cm) (400°C) for 10 minutes. After 10 min, the boat, with any
unvolatilized polymer is removed from the reactor and allowed to cool in a desiccator.
The amount of cellulose vaporized, char produced, and Cl remaining in the cellulose
residue is measured. The feedrate of cellulose is 56 mg/min during the run, At (I) = — 0.8,
with or without NaCl, the cellulose sample is fed from a position 2.5 inches (6.3 cm)
before the volatilization oven at 380°C, and the feedrate of cellulose is 45 mg/min.
Samples for GC analysis from each run begin at 9.50 min (injection time to GC) after the
start of cellulose boat feed. The third GC with empty column continuously monitors
steady state operation through the time of cellulose feed to the volatilization oven.

2.2.4 Gas Flow
Air and synthetic air (a mixture of air and nitrogen) are the primary carriers in this study,
but inert gases such as nitrogen or argon, or a synthetic air (a mixture of nitrogen, oxygen,
water vapor, and CO2 etc.) can be chosen. The carrier gas flows over the polymer in the
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feed mechanism and through the reactor at a known flux. Individual gas flow rates are
measured with calibrated flow meters (15-cm scale length rotameters). Gas residence
times are determined from the stable range (i.e., central, most uniform range) of the main
reactor temperature profile, which is shown in Figure 2.4.
Calculation of gas volume in the quartz tube at the desired temperature is as follows:
®Stable range length in the main reactor (L) = 109.22 cm 43 inches)
• Inner diameter of quartz reactor (D) = 1.05 cm
®Gas volume at desired temperature (V cm 3 ) and 1 atm pressure = V400°C
= Tr X (D/2) 2 x L = it x (1.05 cm / 2) 2 x 109.22 cm = 94.5 cm 3
®Gas volume at 25°C and 1 atm pressure = V25ºC
= V400ºC x (298°K / 673°K) = 41.84 cm 3
®Gas residence time (T sec) = 2.0 seconds
®Gas flowrate (F cm 3 /sec) at 25°C (operation temperature of flowmeters) = V/T = F25°C
= (V25ºC / 2 sec) x (60 sec / 1 min) = 1255 cm 3 /min = 1.255 L/min
This gas flow at 25°C provides the target fuel equivalence ratio at 2 sec residence time
and 400°C temperature in the main reactor.
Residence time is determined via the ideal gas law and by correcting gas flow rates
with temperature in the main reactor. Water vapor and other vapor phase additives can be
introduced to the reaction system by addition to the primary gas flows before entry to the
reactor. The carrier gas is inlet to the reactor tube 12 inches (30.4 cm) upstream of the
initial volatilization oven heater. In this study the moderate fuel lean condition of 4 =
0.8 is achieved using a mixture of synthetic air; it consists of air plus nitrogen, where
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nitrogen in the streams is varied with increase of reactor temperature. The fuel lean
condition of (I) = 0.25 uses air as a carrier, as shown in Tables 2.6a and 2.6b. Total flow
at 400°C main reactor temperature is 1.255 L/min (Air, ATP) for 4) = — 0.25 in Air
System and 1.255 L/min (Air : N2 1.013 : 0.242 = 1.255 L/min, ATP) for 6 = — 0.8 in
Synthetic Air System.

2.2.5 Analysis
The analytical train consists of three on-line gas chromatographs (GCs), with columns
described in Table 2.2a. The first GC (Varian 3700) uses two columns; the first of these is
a Carbosphere packed (3.2 mm x 1.8 m) column, which separates CO, CO 2 . After
separation, the CO and CO2 are converted to methane using a ruthenium catalyst and
hydrogen reducing agent for amplified sensitivity - measurement by a flame ionization
detector (FID). This is chosen in preference to a thermal conductivity detector due to its
greater (1000 x) sensitivity. Carbosphere shows properties similar to molecular sieves due
to small pore size of 13 angstrom. The second column is a Super-Q packed (3.2 mm x 1.8
m) column, which separates the low molecular weight light hydrocarbon species. Super-Q
is a modified version of Porapak-Q. It is extensively washed with organic solvents and
acids, which remove residual monomers and polymerization catalysts. A second GC
(Hewlett Packard 5890 series II) is fitted with an AT-5 (SE-54, 1.2 1..1m x 30 m x 0.53
mm) capillary column, which separates medium to high molecular weight gas phase
products. The third GC (Varian 3700) operates without a column and at constant
temperature. Its FID is used to measure total carbon products. This provides a measure of
the closeness to steady-state operation. A constant signal versus time from this total
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hydrocarbon detector provides a monitor on: uniformity of polymer feed, volatilization
rate, volatilization product flow, and effluent. GC oven temperature programs are listed in
Table 2.2b.

Table 2.2a Gas Chromatograph Columns
CO and CO2
Carbosphere
Light organics
Super-Q
Heavier organics
AT-5 (SE-54)
GC/MS impinger sample
DB-5 (SE-54)

80/100 mesh
80/100 mesh
1.20 µm film
0.25 pm film

Table 2.2b Oven Temperature Programs for Gas Chromatograph
CO and CO 2
40°C for 3 min. Ramped 10°C/min.
Light organics
40°C for 3 min. Ramped 10°C/min.
Heavier organics
40°C for 3 min. Ramped 10°C/min.
GC/MS impinger sample 40°C for 3 min. Ramped 10°C/min.

1/8" x 6'
1/8" x 6'
30 m x 0.53 mm
30 m x 0.25 mm

180°C for 20 min.
180°C for 20 min.
250°C for 20 min.
250°C for 20 min.

Three six-port gas sample valves (Valco Instrument Co.) with a 1-ml volume are
maintained at 25°C and 1 ATM for the Carbosphere column, at 80°C for the Super-Q
column, and at 250°C for the capillary AT-5 column. Each gas volume is corrected to
volume at 25°C for quantitation.
Precision for analytical systems and ruthenium catalyst is ascertained by relative
standard deviation.

S.D. is the standard deviation and R.S.D is the relative standard deviation in percent, x is
the mean of the set on N measurements, and Xi is an individual measurement for an
external standard method. Gas standards shown in Table 2.3 are injected with a 1 ml
volume into the Carbosphere and Super-Q column at 25°C and 1 ATM. Area data of each
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gas standard from five replicate chromatograms are used for calculation. Data in Table
2.3 show good relative standard deviation less than 2.0 %.

Table 2.3 Relative Standard Deviation (R.S.D)
Component
Concentration
Mean, x
CO
0.7 %
355631.2
CO 2
1.5 %
707627.8
CH4
99.5 ppm
51800.4
98.5 ppm
100922.6
C2H6
C3H8
101.0 ppm
142237.4
C4H¹0
99.1 ppm
184946.6
C5H12
99.2 ppm
232152.2
C6H14
92.8 ppm
272458.0

S.D.
2215.54
3342.04
499.86
949.11
1278.93
1684.03
1464.79
3222.45

R.S.D. (%)
0.62
0.47
0.96
0.94
0.90
0.91
0.63
1.18

Calibration curves with standards are made by an external standard method for
quantitation. Concentration of each identified product from oxidation of cellulose is
calculated directly from its response factor. Products for which no standards are available,
are assigned factors of compounds that have identical molecular formulas, as shown in
Table 2.4.
Product identification is achieved by GC and GC/MS column retention time
matching between cellulose product samples and pure species (standards), and by
comparing the sample spectrum with a standard spectrum in the KIST 92 library [69, 70]
and a separate standard spectrum that is obtained directly from injection of the standard
solution. Identified product peaks of the initial polymer fragments are numbered from 1 to
41 in Figure 2.8 and listed in Table 2.4.
The analytical sample for GC/MS (Varian Ion Trap Saturn II / Varian GC 3400)
analysis is collected in an impinger with 30 ml of methylene chloride cooled by an ice
water bath. The impinger is connected to gas effluent from the exit of the main reactor.

Table 2.4 Gas Products Identified in the Pyrolysis and Oxidation of Cellulose

Peak No. a
1d

2
3e
4
5
6
7
8
9
10
11"
12
13
14
15
16
17
18
19
20
21
22
23

RTb
2.5
9.4
0.8
2.9
4.1
8.9
10.9
13.2
14.6
15.1
2.2
2.4
3.2
3.6
3.8
4.7
5.3
5.5
5.8
6.2
6.6
6.9
7.0

MW
28
44
16
28
30
42
44
56
68
58
72
82
78
96
96
84
92
96
100
96
96
98
114

Products
CO
CO2
Methane, CH4
Ethene, C2H4
Ethane, C216
Propene, C3H6
Acetaldehyde, C2H4O
Butene, C4H8
Furan, C4H4O
Acetone, C3H6O
2-Butanone, C4H8O
2-Methylfuran, C5H6O
Benzene, C6H6
2-Ethylfuran, C6H8O
2,5-Dimethylfuran, C6118O
3-Penten-2-one, C 5 H8 O
Toluene, C 7 H 8
3H-Furan-2-one, C4H4O2
3-Hexen-1-ol, C6H12O
3-Furfural (= 3-Furancarboxaldehyde), C5H4O2
2-Furfural, C5H4O2
2-Furanmethanol, C5H6O2
3-Hexyne-2,5-diol, C6H10O2

Response factor (Rf) c
2.56E-08
4.22E-08
8.70E-10
9.60E-10
9.00E-10
9.50E-10
9.00E-10
9.90E-10
9.50E-10
9.00E-10
5.46E-10
1.35E-09
3.50E-10
4.70E-10
4.69E-10
5.00E-10
3.00E-10
4.50E-10
4.50E-10
5.46E-10
5.46E-10
4.30E-10
4.50E-10

Table 2.4 (Continued)
MW
RT
Peak No.
7.1
98
24
7.3
96
25
104
7.6
26
96
8.0
27
84
28
8.1
96
8.4
29
112
8.6
30
110
9.1
31
94
9.4
32
118
9.7
33
34
35
36
37
38
39
40
41

10.0
10.2
11.0
11.6
12.7
13.1
13.4
17.2

112
112
124
126
144
144
126
162

Products
5-Methyl-2(3H)-furanone, C5H6O2
Cyclopent-2-en-1,4-dione, C5H4O2
Styrene, C8H8
2-Methyl-2-cyclopentene-1-one, C6H8O
5H-Furan-2-one, C4H4O2
2-Cyclohexen-1-one, C6H8O
3-Methyl-2,5-frandione, C 5 H4O3
5-Methyl-2-furfural, C6H6O2
Phenol, C6H6O
2,3-Benzofuran, C8H6O
3,4-Dihydro-6-methyl-2H-pyran-2-one, C 6H8O2
2-Hydroxy-3-methyl-2-cyclopenten-1-one, C6H8O2
2-Methyl-1,4-benzenediol, C7H8O2
3-Hydroxy-2-methyl-4-pyrone (= Maltol), C 6H6O3
5-Hydroxymethyl-2-tetrahydrofirfural-3-one, C6H8O4
1,4:3,6-Dianhydro-α-D-glucopyranose, C6H8O4
5-Hydroxymethyl-2-furfural, C6H6O3
1,6-Anhydro-ß-D-glucopyranose, C6H10O5

Response factor (Rf)
5.00E-10
5.00E-10
2.80E-10
4.50E-10
8.93E-10
l.77E-10
5.00E-10
5.24E-10
4.50E-10
2.80E-10
7.27E-10
4.50E-10
3.00E-10
4.50E-10
4.50E-10
4.50E-10
4.50E-10
1.23E-09

Peak numbers correspond to the GC output shown in Figure 2.8.
b Column retention time (min) shown from the GC chromatogram.
Response factor is multiplied by GC area of each species to convert concentration of each species to mg/ml.
d Gas product No.1 and 2 are separated on Carbosphere column.
Gas products between Product No.3 and 10 are separated on Super Q column.
f Gas products between Product No.11 and 42 are separated on AT-5 Capillary column.
a
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Flow rate through the impinger is initially maintained at 60 ml/min during collection and
feeding from five runs (each boat contains 700 mg of cellulose). The extract volumes are
concentrated to 1ml by purging with nitrogen at 25°C and refrigerated at 4°C until
GC/MS analysis. GC/MS (Varian Ion Trap Saturn II with Varian GC 3400) analysis is
discussed in Chapter 5.
Analysis for Cl is conducted by an ion analyzer (Orion research, Model 407A) with a
Cl electrode (Model 94-17B) and a reference electrode (Model 90-02), which is filled
with saturated AgCl solution for the inner chamber and a 10 % KNO3 in the outer
chamber. Cellulose in the polymer feed boat is volatilized at a constant feed rate of 6.55
mm/min for 10 min in the volatilization oven. After reaction, the cellulose residue is
weighed for calculation of vapor products and char, as shown in Tables 2.8a to 2.8d. The
char is weighed and transferred to a 50 ml beaker containing 20 ml of water and 0.4 ml of
5 mol NaNO3 as an ion strength adjuster. Cl in this char solution is measured by an ion
analyzer. Cl (wt %) in the char residue is calculated directly from a calibration curve,
which is made using various concentrations of NaCl standard solution.

2.3 Results and Discussion
The cellulose powder is volatilized at 400°C volatilization oven temperature under
different fuel lean conditions with 4 = — 0.25 and (I) = — 0.8. The residence time in the
main reactor is a constant 2 seconds in the main reactor. Four reaction systems shown in
Table 2.5 are investigated: pure cellulose and cellulose containing NaCl (5 % of Cl) in air
or synthetic air: Cellulose / Air (4) = 0.25, System I), Cellulose / NaCl (5 % of Cl) / Air
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(4) = 0.25, System II), Cellulose / Synthetic Air (4) = — 0.8, System III), and Cellulose /
NaCl (5 % of C1) / Synthetic Air (4) = 0.8, System IV).

Table 2.5 Four Different Reaction Systems with and without NaCl
Reaction system
Fuel equivalence ratio (0)
System I: Cellulose / Air
— 0.25
System II: Cellulose / NaCl (5 % of Cl) / Air
— 0.25
System III: Cellulose / Synthetic Air
— 0.8
System IV: Cellulose / NaCl (5 % of CI) / Synthetic Air
— 0.8

2.3.1 Combustion Parameters
Combustion parameters are based on operation parameters that are relevant to municipal
solid waste incineration: residence time, reactor temperatures for formation, distribution,
and decomposition of toxic gas products, fuel equivalence ratio (4)), excess air, and
continuous monitoring of total hydrocarbon.

2.3.1.1 Reactor Operation: The volatilization oven for these cellulose oxidation studies
is set to maintain a constant, uniform temperature between 350°C and 450°C, which
ensures complete and uniform volatilization of polymer feed, with limited further
degradation of the initial polymer fragments in the volatilization process [1, 4, 7, 59].
This temperature range results in observations of light molecular weight products via
anhydrosugar intermediates and furan derivatives in the major initial products.
The main reactor temperature is initially held at 400°C. With both the volatilization
oven and main reactor at this moderately low temperature, it is assumed that initial
polymer fragments leaving the volatilization oven do not undergo significant further
reaction or condensation downstream of the volatilization oven and can be analyzed using

Table 2.6a Fuel Equivalence Ratio (4) = - 0.25) at 2.0 Seconds Residence Time
400
1.255
0.2636
0.01078

450
500
550
600
650
700
750
1.168
1.093
l.026
0.967
0.915
0.868
0.826
0.2453
0.2295
0.2155
0.2031
0.1922
0.1823
0.1735
0.01004 0.00939 0.00882 0.00831 0.00786 0.00746 0.00709
System I: Cellulose / Air
Cellulose feed rate (g/min) c0.06009 0.05667 0.05369 0.05306 0.05047 0.05328 0.05402 0.05421
Ideal moles of oxygen (mol/min) d0.00222 0.00210 0.00199 0.00196 0.00187 0.00197 0.00200 0.00201
Excess air ratio
4.86
4.78
4.72
4.44
3.99
4.50
3.73
3.53
0.21
0.21
0.21
0.25
0.22
0.22
0.27
0.28
System II: Cellulose / NaCl (5 % of CO / Air
Cellulose feed rate (g/min)
0.05812 0.05568 0.05601 0.05794 0.05670 0.05707 0.05879 0.05895
Ideal moles of oxygen (mol/min)
0.00215 0.00206 0.00207 0.00214 0.00210 0.00211 0.00218 0.00218
Excess air ratio
5.01
4.87
4.54
4.12
3.96
3.73
3.42
3.25
0.20
0.21
0.22
0.24
0.25
0.27
0.29
0.31
Main reactor temperature (°C) a
Air flowrate (l/min) at 25°C
Oxygen flowrate (1/min) at 25°C
Actual moles of oxygennIA/1L
nin b

Temperature - main reactor temperature from 400 to 750°C.
b moles of oxygen (mol/min) in air are calculated at 400°C and 1 atm.
Cellulose feed rate (g/min) is calculated from the production of vapor rate at 400°C volatilization oven.
d
Ideal moles of oxygen (mol/min) for cellulose are calculated for stoichiometric conditions at 400°C.
e Fuel equivalence ratio (4) = Ideal moles of oxygen (mol/min) / Actual moles of oxygen (mol/min)
a

Table 2.6b Fuel Equivalence Ratio = - 0.8) at 2.0 Seconds Residence time
400
500
Main reactor temperature (°C) a
600
1.255
1.093
Total gas flow rate (1/min) at 25°C b
0.967
1.013
N2 flowrate (l/min) at 25°C
0.851
0.725
0.242
0.242
Air flowrate (1/min) at 25°C
0.242
0.05082
0.05082
Oxygen flowrate (l/min) at 25°C
0.05082
Actual moles of oxygen (mol/min) c0.00208
0.00208
0.00208
System III: Cellulose / Synthetic Air
Cellulose feed rate (g/min) d0.04286
0.04638
0.04626
Ideal moles of oxygen (mol/min) e0.00159
0.00172
0.00171
Excess air ratio
1.31
1.21
1.22
0.76
0.82
0.83
4f
System IV: Cellulose / NaCl (5 % of Cl) / Synthetic Air
Cellulose feed rate (g/min)
0.04382
0.04478
0.04532
Ideal moles of oxygen (mol/min)
0.00162
0.00166
0.00168
Excess air ratio
1.28
1.25
1.24
0.78
0.80
0.81
11)

700
0.868
0.626
0.242
0.05082
0.00208

750
0.826
0.584
0.242
0.05082
0.00208

0.04705
0.00174
1.20

0.04631
0.00171
1.22

0.84

0.82

0.04430
0.00164
1.27
0.79

0.04554
0.00169
1.23
0.81

Temperature - main reactor temperature from 400 to 750°C.
b Total gas flowrate (l/min) at 25°C = N2 flowrate (l/min) at 25°C + Air flowrate (l/min) at 25°C.
moles of oxygen (mol/min) in synthetic air are calculated at 400°C and 1 atm.
d Cellulose feed rate (g/min) is calculated from the production of vapor rate at 400°C.
Ideal moles of oxygen (mol/min) for cellulose are calculated for stoichiometric conditions at 400°C.
Fuel equivalence ratio, = Ideal moles of oxygen (mol/min) / Actual moles of oxygen (mol/min)
a
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the on-line GCs. Once this initial product data is obtained, the temperature of the
volatilization oven is maintained at 400°C and separate temperature runs are performed
with the main reactor temperature set at a constant value between 400°C and 750°C.
Exothermicity of the reaction alters the reactor temperature profile slightly, as shown
in Figure 2.5. Measured temperature increases due to reaction are below 50°C in the first
1-inch (2.54 cm) to 4 inches (10 cm) of the volatilization oven. There are only small
changes less than 10°C after the first 4 inches (10 cm) of the volatilization oven. Increase
of temperature, between the first 1 inch (2.54 cm) to 4 inches (10 cm) of the volatilization
oven stage, is attributed to the formation of a flame (ignition) in the first 1 inch (2.54 cm,
310 ± 10°C) of the volatilization oven in the cellulose systems (without NaCl) with 4) =
0.25 and = 0.8. Figure 2.5 shows that there is no change in temperature in the main
reactor zone.

2.3.1.2 Fuel Equivalence Ratio (0): Values of the fuel equivalence ratio together with
corresponding values of the cellulose and oxygen feed rate, averaged over a small number
of runs at each temperature setting of the main reactor, are listed in Table 2.6a and 2.6b.
At 400°C fixed volatilization oven temperature, the cellulose sample undergoes oxidation
with actual moles of oxygen (mol/min) calculated from the air flowrate (L/min). Gas
products (g/min) and char are calculated by weighing the amount of cellulose powder in
the boat before and after each experimental run, with char mass measured separately. Gas
product mass is used to calculate the ideal moles of oxygen (mol/min) needed for
stoichiometric conditions using the overall reaction:
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C6H10O5 + 6O 2 --> 6CO2 + 5H20
The fuel equivalence ratio for a given run is defined as the ratio of ideal moles of oxygen
required for stoichiometric reaction to actual moles of oxygen supplied.
Reaction under the fuel lean condition set of Table 2.6a shows a fuel equivalence
ratio range from 0.20 to 0.31 as (I) increases with increase of temperature in the main
reactor. Air flowrate is decreased with increase of main reactor temperature in order to
maintain a fixed 2.0 seconds residence time. Consideration of the range in fuel
equivalence ratio and complete reaction for cellulose imply a decrease in the mole
percentage of oxygen from 21.6 % in inlet air to a value between 14.38 % and 16.72 %
for the reactor effluent.
(I) for the mild fuel lean condition set is between 0.76 to 0.85, as illustrated in Table
2.6b. Increased fuel equivalence ratio is obtained by decreasing oxygen in carrier flow so
that the 02 to N2 ratio in this set is 4.05 : 95.95 at 400°C. The air flowrate is fixed
through the whole temperature range of main reactor while the nitrogen flowrate is
decreased with increase of main reactor temperature in order to keep 4) = 0.8 at 2 sec
residence time. Thus, a small change in absolute oxygen concentrations in this synthetic
carrier gas occurs here. It is difficult to have both completely constant fuel equivalence
ratio and oxygen concentration over our range of temperature. Oxygen concentrations in
synthetic air ranged from 4.05 % (in inlet air) at 400°C to 6.15 % (in inlet air) at 750°C.

2.3.1.3 Monitoring of Steady State Operation: The third GC (Varian 3700) is operated
without a column at a constant temperature of 250°C. One GC/FID is used to measure
total hydrocarbon and oxyhydrocarbon products. Its signal serves as an important
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monitor on uniform, steady state operation. It monitors continuity of total operation
including: gas flow, polymer feed, volatilization rate, absence of pre-ignition, reaction,
product effluent, and product transfer to analysis equipment. Figure 2.6a shows a typical
total hydrocarbon signal from this FID against time for the approximate 15 minutes
duration of an experimental run with cellulose. This continuous monitoring of total
hydrocarbons also serves as a second measurement on destruction efficiency and supports
quantitative results obtained by the other three column GC/FIDs. CO and CO2 can be a
parameter for monitoring of steady state operation. Figure 2.6b shows that good steady
state operation is achieved at 400°C main reactor, 400°C volatilization oven, and (1) =
0.25 in Cellulose / Air System. Experimental conditions are as follows: carbosphere
column is run at 180°C isothermal oven temperature, vaporization oven and main reactor
are set at 400°C, and feed rate of cellulose is 55 mg/min.
Relative standard deviation (R.S.D) is calculated at 750°C main reactor temperature
to assure precision of steady state operation and the chromatographic system. At 750°C
only CO2 is detected as a gas product. Five cellulose samples are performed under steady
state operation at 750°C. R.S.D is calculated with five concentrations (carbon mole %) of
CO2 from the GC chromatograms at 750°C main reactor temperature. R.S.D shows below
3 % and all graphical data include error deviation (carbon mole %), which shows
reproducibility of data.

2.3.2 Product Distribution
Initial products, which are vaporized and produced with both the volatilization oven and
main reactor temperatures at 400°C, are identified. The main pyrolysis products are
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anhydrosugars, pyran derivatives, alkyl furans, hydrocarbons, and carbonyl compounds.
Cellulose in the volatilization oven undergoes dehydration, decarboxylation, fission, and
transglycosylation to produce major anhydrosugars such as levoglucosan as well as low
molecular weight products such as CO, CO2, methane, ethene, acetaldehyde, furans,
acetone, and 2-furfural. Anhydrosugars decompose into major intermediates such as 2furfural, alkyl furans, 5-hydroxymethyl-2-furfural,
5-hydroxmetl2afur-3one.Thsitmdareconvitlghydrcabonsxgetd
species in the oxidative environment of the main reactor: increased temperature in the
main reactor dramatically effects the rate of oxidation. These product distributions are in
agreement with the thermal decomposition mechanism for cellulose proposed by Pouwels
et al. [14], Shafizadeh [16], and Evans et al. [61].
Major initial products are shown in Figure 7 and can be classified into 5 categories
when both of the volatilization and main reactor oven are at 400°C.
(1) CO and CO2 as final, mineralized products.
(2) Methane, ethene, acetaldehyde, acetone, and 2-butanone as light species (C 1 - C4).
(3) Furan, 2-methylfuran, 2-furfural, and 5H-furan-2-one as alkyl and oxygenated furans
(C4 and C 5 ).
(4) Hydrocarbons (C5 - C7) including aromatic products.
(5) C6 oxygenated species such as 5-methyl-2-furfural, 3,4-dihydro-6-methyl-2H-pyran2-one, 3-hydroxy-2-methyl-4-pyrone (= matol), 1,4:3,6-dihydro-a-D-glucopyranose,
5-hydroxymethyl-2-furfural, 5-hydroxymethyl-2-tetrahydrofurfural-3-one, and 1,6anhydro-ß-D-glucose (= levoglucosan).
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2.3.2.1 System I: Cellulose Air (4) = 0.25): In Cellulose / Air System, the
chromatograms from the three on-line GCs show 41 species positively identified and ca
100 species tentatively identified, as numbered in Figure 2.8. Data show CO and CO2
(Carbosphere column), light hydrocarbons from C1 to C4 (Super Q column), and heavy
organic products (AT-5 capillary column) at 400°C temperature for both the volatilization
oven and main reactor. Each chromatogram plot presents comparable abundance of
products in the pyrolysis and oxidation of cellulose with different main reactor
temperatures of 400°C, 450°C, 500°C, 550°C, 600°C, 650°C, 700°C, and 750°C, as
shown in Figure 2.9. This gives a good qualitative impression of the overall change in
product concentrations with main reactor temperature. Increasing the main reactor
temperature from 400°C in 50°C increments, with other parameters held fixed,
demonstrates the extent of mineralization of cellulose to CO, CO 2 , and H 2 O at each
temperature. At 400°C and 500°C light hydrocarbons from C I to C4 and heavy organic
products are relatively abundant, while CO and CO2 are low. At temperatures above
650°C concentrations of higher molecular weight organic compounds are low, their levels
are barely detectable. Light hydrocarbon concentrations begin to show rapid fall-off, and
CO and CO2 levels increase, as expected. An overall conversion of higher molecular
weight cellulose polymer fragments to lower molecular weight fragments is observed
with increasing reaction temperature. The volatilization oven temperature, inlet carrier
gas composition, main reactor residence times are all held fixed, and fuel equivalence is
also near-constant. Initial polymer fragment concentrations and compositions entering the
main reactor are thus the same throughout.
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Levoglucosan is one of the primary products and is present at 2 % (by mass) at
400°C and 2 sec reaction time; its concentration is reduced to below its detection limit as
the main reactor temperature is increased to 500°C. It is difficult to analyze levoglucosan
with a GC due to its low volatility and interference with other anhydrosugars and
oligosaccharides [27-31]. The mass balance deficit in Table 2.7a (without NaCl) is
attributed to the production of these sugars, which are believed to be major pyrolysis
products at low temperatures and accumulate in the reactor's condensation trap, as shown
in Figure 2.2. 5-hydroxymethyl-2-tetrahydrofurfural-3-one, 5-hydroxymethyl-2-furfural
and 1,4:3,6-dihydro-α-D-glucopyranose are initial products from dehydration and
transglycosylation reactions. These C6 oxygenated products are destroyed between 500°C
to 600°C. Supporting data include: increased carbon mass balance of 88.18 % at 600°C,
relative to 82.40 % at 550°C and 73.68 % at 500°C and the observed complete
destruction of C5 and higher molecular weight products at 600°C with the exception of C1
to C4 species, methylfuran, 2-furfural, and aromatic compounds. All aromatic compounds
are below detection limits at 650°C, with the exception of benzene, which presented at a
trace level at 700°C, as shown in Figure 2.13a. No intermediate or incomplete products of
cellulose combustion are detected above 700°C.
Figure 2.13b (without NaCI) shows product yields versus temperature for four
oxygenated intermediates (C4 and C5): 5H-furan-2-one, 2-butanone, 2-methylfuran, and
2-furfural. Data for these species show that fall-off in concentration begins near 450°C
for 2-butanone and 2-methylfuran, which is lower than the fall-off temperature (550°C or
650°C) for low molecular weight species CI to C4. A major stable product is 2-furfural
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produced from ring cleavage of levoglucosan via transglycosylation and dehydration
[14,16]. The data show that 2-furfural remains as one of the higher level initial products
with molecular weight above C5, from 500°C through 600°C and that it decreases to a
trace level at 650°C.
Figure 2.13c (without NaCl) illustrates product yields for the C I to C4 species:
methane, ethene, acetaldehyde, acetone, and furan versus temperature. Increase in
temperature to 650°C in the main reactor results in increased concentrations of light
hydrocarbons methane and ethene, followed by a rapid fall-off at higher temperatures.
This trend is consistent throughout our data for cellulose. A similar trend, but with
concentration maxima being reached at lower temperatures of 550°C, is seen for two of
the heavier species within this group, acetaldehyde and furan. Concentrations of all
species in this group are below detection limits at and above 700°C.
Product yields for CO and CO2 are illustrated in Figure 2.13d (without NaCl) as
percentage of moles of carbon in the product relative to moles of carbon in the cellulose
feed. We note that CO is used as an indicator for complete destruction of PICs in solid
waste incinerators, since CO is a stable compound. In this study CO persists at 1.99 % at
700°C, but at our fuel-lean equivalence ratios the concentration of CO is always below
that of CO2. This implies that CO2 may be produced directly from unimolecular
decomposition of the cellulose structure and / or anhydrosugars at low temperature.
Complete conversion of other organics through CO to CO2 occurred rapidly between
650°C to 700°C at which CO is oxidized to CO2.
Total product yields are shown in Figure 2.13e. This figure provides fate and
distribution of initial fragments versus main reactor temperature. Co oxygenated species
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are the most primary products but are rapidly decomposed at temperature of 500°C, while
major intermediates, furans (C4 and C5), disappear slowly as temperature is increased to
650°C. C1 to C4 light species increase in concentration up to 600°C then start to decay.
The reactor design, with its two stages is believed to suppress the formation of aromatic
compounds due to increase of oxidation reaction with increase of main reactor
temperature.

2.3.2.2 System II: Cellulose / NaCI (5 % of Cl) / Air ((I) = — 0.25): Figure 2.10 shows
GC/FID chromatograms, which illustrate the influence of NaCl on oxidation of cellulose
at the same experimental conditions as with System I (c1) = — 0.25 without NaCI). Product
distributions in System II, Cellulose / NaCl (5 % of Cl) / Air, show similar production
and decay of intermediates at 2.0 seconds residence time. We see that mineralization of
initial polymer fragments into CO and CO2 proceeds fairly rapidly with increase of main
reactor temperature up to 700°C and that conversion of CO into CO2 is also complete at
750°C, as shown in the chromatograms from Carbosphere column. The relative
abundance of organic species in System II is less than that in System I throughout the
whole range of main reactor temperatures. 2-Furfural completely disappears below
detection limits at 600°C while methane, ethene, propene, acetaldehyde, furan, and
acetone are present in high intensity.
Product yields (by carbon mole %) as main reactor temperature for major species are
shown in Figures 2.13a to 2.13f for both System I (without NaCl) and System II (with
NaCl). Yield of aromatic compounds (with NaCl) is depicted in Figure 2.13a. Benzene
exists in relatively high concentration at low temperatures, near 400°C. It presents at
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700°C main reactor temperature in System I (Cellulose / Air) but is below detection limits
at 700°C in System II, Cellulose / NaCl (5 % of Cl) / Air. Benzofuran produces the
highest concentration among aromatic compounds in System I while it shows the lowest
carbon mole % in System II. Data for C4 and C5 oxygenated species in Figure 2.13b show
a greater tendency toward a continual or monotone decrease in concentration with
increase of main reactor temperature, and the near-zero concentration or detection limit is
attained in the range from 600°C to 650°C. Order in concentration is the same with
System I: 2-furfural > 2-methylfuran > 2-butanone > 5H-furan-2-one. Figure 2.13c shows
a similar trend in formation and decomposition of light species (C1 - C4) from combustion
of cellulose both with and without NaCl; methane and ethene exist in high carbon mole %
at 650°C but at this temperature acetaldehyde, acetone, and furan yields undergo a rapid
fall-off. Figure 2.13d shows product yields for CO and CO2. CO and CO2 levels in
System II show continual increase up to 650°C. Near complete combustion is achieved at
650°C, which is a critical temperature point, above which CO converts into CO2: CO2
levels increase sharply as CO decreases.
Total product yields in Cellulose / NaCl (5 % of Cl) / Air (System II) are presented in
Figure 2.13f. C6 oxygenated species are in relatively low concentration at 400°C; these
species might decompose more rapidly into CO and CO2, which shows high
concentration (68.99 %). Furans show maximum concentration at 450°C and then are
decomposed to barely detectable level at 650°C. Light species (C1 - C4) maintain near
constant concentration to 600°C and then convert into CO.
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2.3.2.3 System III: Cellulose / Synthetic Air (4) = — 0.8): Pyrolysis and oxidation of
cellulose at 4) = — 0.8 are performed under the same conditions as with 4) = — 0.25 (System
I and II), including polymer feed mechanism and analysis procedure. Synthetic air is
composed of air and N2 to obtain the higher fuel equivalence ratio 4) = — 0.8. Main reactor
temperature is varied from 400°C to 500°C, 600°C, 700°C, and 750°C. Figure 2.11 is
made into a composite with each chromatogram plot from the three different GC
columns; CO and CO 2 from the Carbosphere column, C1 - C4 light species from the Super
Q column, and organic species above C4 from the AT-5 capillary column. At 400°C,
initial organic species are produced in high abundance: 2-butanone, 2-methyl furan, 2furfural, 5H-furan-2-one, 2,3-benzofuran, 5-methyl-2-furfural, 5-hydroxymethyl-2tetrahydro-furfural-3 -one, 1,4 : 3 ,6-dihydro -a-D-glucopyrano se, 5-hydroxymethyl-2furfural, and levoglucosan. Levoglucosan (3.57 %) resists decay at 500°C, whereas it is
not detected at this temperature and 4) = — 0.25. Heavier intermediates, except for 2butanone and 2-furfural, break down into smaller hydrocarbons at 600°C. All organic
species are mineralized into CO2 at 750°C.
Figures 2.14a to 2.14e show product yields (by carbon mole %) for major products in
System III. Data at 4) = — 0.8 show that formation and decay of major initial products
follow a similar trend to that shown for 4) = — 0.25. Major primary products at 400°C are
the C6 oxygenated species shown in Figure 2.14e. These species break down into CO and
CO2 via low molecular weight products such as oxygenated species (C4 and C 5 ) and light
species (C 1 - C 4 ) with increase of main reactor temperature.
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At = — 0.8 it is noted that the most prominent products are 2,3-benzofuran,
hydroxymethyl-2-tetrahydrofurfural-3 -one, 1,4:3 ,6-dihydro-α-D -glucopyrano se, and
levoglucosan. Concentration of CO2 is lower than with 0 = 0.25 at 400°C and 700°C;
oxidation of CO (32.46 %) into CO2 (64.48 %) is less favored at 700°C than at 4) = — 0.1.

2.3.2.4 System IV: Cellulose / NaCl (5 % of Cl) / Synthetic Air (4) = — 0.8): Cellulose
samples with NaCl are studied under the same conditions as System III in order to
investigate the effect of NaCl on oxidation of cellulose at 4) = 0.8. Each chromatogram
is plotted in Figure 2.12. Initial major species are similar to those of System III: 2butanone, 2-methylfuran, 2-furfural, 5-methyl-2(3H)-furanone, 5H-furan-2-one, 2,3benzofuran, 1,4:3,6-dihydro-α-D-glucopyranose, 5-hydroxymethyl-2-furfural, and
levoglucosan. Levoglucosan (0.25 %) is detected in a baseline level at 500°C.
Mineralization of initial polymer fragments into CO2 is completely achieved at 750°C,
which is the same result as found with 4) = 0.25.
Figures 2.14a to 2.14f show product yield for major products in System IV, Cellulose
/ NaCl (5 % of Cl) / Synthetic Air. The data show that decay of major initial products
with increase of temperature proceeds more rapidly than in System III; major organic
products are also in lower concentration due to the favorable conversion into CO and
CO2.

Table 2.7a Mass Balance (Carbon mole %) in System I: Cellulose / Air (4) = - 0.25)

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Products
CO
CO2
Methane CH4
Ethene, C2H4
Ethane, C2H6
Propene, C3H6
Acetaldehyde,C2H4O
Butene, C4118
Furan, C4114O
Aceton,C3H6O
2-Butanoe,C4H8O
2-Methylfuran, C5H6O
Benzene, C61-16
2-Ethylfuran, C611 8 0
2,5-Dimethylfuran, C6H8O
3-Penten-2-one, C5H8O
Toluene, C7118
3H-Furan-2-one, C4144O2
3-Hexen-1-ol, C61112O
3-Furfural, C5114O2
2-Furfural, C5H4O2

400
17.88
35.43
0.27
0.77
0.05
0.17
0.32
0.09
0.47
0.38
0.43
0.58
0.13
0.06
0.06
0.01
0.03
0.02
0.10
0.03
0.60

450
20.17
41.97
0.24
0.67
0.03
0.16
0.34
0.08
0.50
0.38
0.67
0.66
0.16
0.05
0.11
0.01
0.04
0.03
0.11
0.04
0.60

Main reactor temperature ( ° C)
500
550
600
650
24.03 26.88 34.20 40.53
44.17 50.63 49.74 45.69
0.74
0.60
0.34
0.39
1.27
1.11
0.79
0.78
0.06
0.06
0.06
0.05
0.20
0.25
0.20
0.11
0.55
0.63
0.08
0.46
0.11
0.02
0.10
0.10
0.71
0.83
0.59
0.09
0.35
0.32
0.26
0.08
0.46
0.39
0.39
0.42
0.04
0.50
0.09
0.07
0.07
0.05
0.01
0.05
0.01
0.01
0.01
0.03
0.02
0.02
0.02
0.04
0.04
0.04
0.01
0.58
0.46
0.22

700
l.99
93.49

0.05

750
93.12

Table 2.7a (Continued)
No.

Products

400
0.03

450
0.04

0.04
0.05
0.04

22 2-Furanmethanol, C5H6O2
23 3-Hexyne-2,5-diol, C6H10O2
24 5-Methyl-2(3H)-furanone, C5H6O2
25 Cyclopent-2-en-1,4-dione, C5114O2
26 Styrene, C818
27 2-Methyl-2-cyclopentene-1-one, C6H8O
28 5H-Furan-2-one, C4H4O2
29 2-Cyclohexen-1-one, C6H8O
30 3 Methyl 2,5 frandione, C511403
31 5-Methyl-2-furfural, C6H602
32 Phenol, C6H8O
33 2,3-Benzofuran, C8H6O
34 3,4-Dihydro-6-methyl-2H-pyran-2-one, C6H8O2
35 2-Hydroxy-3-methyl-2-cyclopenten-1-one, C6H8O2
36 2-Methyl-1,4-benzenediol, C7H8O2
37 3-Hydroxy-2-methyl-4-pyrone, C6H6O3
38 5-Hydroxymethyl-2-tetrahydrofurfural-3-one, C6143O4
39 1,4:3,6-Dianhydro-a-D-glucopyranose, C6H8O4
40 5-Hydroxymethyl-2-furfural, C6H6O3
41
1,6-Anhydro-ß-D-glucose (Levoglucosan), C6H10O 5

0.17
0.03
0.04
0.12
0.05
0.18
0.06
0.03
0.08
0.05
0.18
0.15
0.60
1.98

0.06
0.03
0.05
0.01
0.34
0.03
0.06
0.10
0.08
0.03
0.02
0.01
0.11
0.04
0.08
0.12
0.19
0.75

Mass Balance (Carbon mole %)

61.76

69.17

-

-

-

Main reactor temperature ( °C)
500
550
600
650
0.03
0.01
0.06
0.01
0.08

0.04

0.02

0.06

0.01

0.05
0.11
0.02

0.01
0.01
0.02

0.03

0.04

0.02

700

750

95.53

93.12

0,01
0.05
0.07
73.68

82.40

88.18

88.71

Table 2.7b Mass Balance (Carbon mole %) in System II: Cellulose / NaCl (5 % of Cl) / Air (4) = 0.25)

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Products
CO
CO2
Methane CH4
Ethene, C2H4
Ethane, C2H6
Propene, C3H6
Acetaldehyde, C2H4O
Butene, C4H8
Furan, C4114O
Acetone, C3H6O
2-Butanone, C4118O
2-Methylfuran, C5H6O
Benzene, C6H6
2-Ethylfuran, C6H8O
2,5-Dimethylfuran, C6H8O
3-Penten-2-one, C5H8O
Toluene, C7H8
3H-Furan-2-one, C4H4O2
3-Hexen-l-ol, C6H12O
3-Furfural, C5H4O2
2-Furfural, C5H4O2

400
14.96
54.03
0.26
0.48
0.07
0.13
0.24
0.07
0.40
0.23
0.37
0.58
0.15
0.03
0.04
0.02
0.06
0.07
0.06
0.03
0.66

450
16.07
51.88
0.25
0.46
0.07
0.12
0.27
0.07
0.41
0.22
0.51
0.72
0.14
0.04
0.09
0.02
0.04
0.08
0.05
0.03
0.73

Main reactor temperature ( ° C)
600
650
500
550
17.14 18.23 23.58 28.62
54.76 58.06 60.79 57.06
0.39
0.44
0.25
0.25
0.53
0.82
0.88
0.46
0.03
0.06
0.07
0.06
0.06
0.15
0.19
0.13
0.30
0.04
0.35
0.39
0.05
0.09
0.02
0.06
0.40
0.50
0.05
0.47
0.20
0.05
0.24
0.27
0.41
036
0.03
0.03
0.50
0.43
0.08
0.04
0.04
0.04
0.03
0.01
0.04
0.01
0.01
0.02
0.02
0.01
0.03
0.03
0.03
0.02
0.67
0.47

700
18.86
78.85

750
96.82

Table 2.7b (Continued)

No.
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Products
2-Furanmethanol, C5H6O2
3-Hexyne-2,5-diol, C6Hio02
5-Methyl-2(3H)-furanone, C5H6O2
Cyclopent-2-en-1,4-dione, C 5 H4 O2
Styrene, C8H8
2-Methyl-2-cyclopentene-1-one, C6H8O
5H-Furan-2-one, C5H4O2
2-Cyclohexen-1-one, C6H8O
3-Methyl-2,5-frandione, C5H4O3
5-Methyl-2-furfural, C6H6O2
Phenol, C6H8O
2,3-Benzofuran, C8H6O
3,4-Dihydro-6-methyl-2H-pyran-2-one, C6H802
2-Hydroxy-3-methyl-2-cyclopenten-1-one, C6H8O2
2-Methyl-1,4-benzenediol, C7H8O2
3-Hydroxy-2-methyl-4-pyrone, C6H6O3
5-Hydroxymethyl-2-tetrahydrofurfural-3-one, C 6H 8 0 4
1,4:3,6-Dianhydro-a-D-glucopyranose, C6H8O4
5-Hydroxymethyl-2-furfural, C 6H6O3
1,6-Anhydro-ß-D-glucose (Levoglucosan), C6H10O5
Mass Balance (Carbon mole%)

Main reactor temperature ( °C)
650
500
550
600

400
0.03
0.00
0.12
0.03
0.03

450
0.03
0.00
0.11
0.03
0.05

0.09

0.01

0.06

0.03

0.24
0.02
0.05
0.08
0.05
0.02
0.02
0.01
0.08
0.04
0.03
0.02
0.09
0.51
74.41

0.30

0.15

0.08

0.03
0.07
0.10
0.01

0.02
0.10
0.01

0.01
0.05
0.04

0.07

0.01

0.11
0.04
0.01
0.02
0.08

0.01

73.26

76.23

80.07

86.98

87.31

700

750

97.71

96.82

Table 2.7c Mass Balance (Carbon mole %) in System III: Cellulose / Synthetic Air (4) = 0.8)
Main reactor temperature ( ° C)
No. Products
400
500
600
700
1
CO
16.62
23.77
40.72
32.46
2
CO 2
22.84
34.36
42.22
64.48
Methane CH4
3
0.05
0.08
0.41
Ethene, C2H4
4
0.14
0.42
1.25
5
Ethane, C2H6
0.01
0.01
0.05
6
Propene, C3H6
0.08
0.03
0.24
7
Acetaldehyde, C 2 H4 O
0.14
0.42
0.57
8
Butene, C4H3
0.11
0.04
0.00
9
Furan, C4H4O
0.83
0.09
0.81
10 Acetone, C3H6O
0.16
0.31
0.29
11
2-Butanone, C4H8O
0.56
0.80
0.28
12 2-Methylfuran, C 5 H6O
0.74
0.90
0.27
13
Benzene, C6H6
0.12
0.06
0.05
14 2-Ethylfuran, C6H8O
0.02
15
2,5-Dimethylfuran, C6H 8 O
0.15
0.07
16
3-Penten-2-one, C5H8O
0.02
0.01
17 Toluene, C 7 H8
0.05
0.03
0.02
3H-Furan-2-one, C4H4O2
18
0.01
0.03
19
3-Hexen-1-ol, C6H12O
0.18
0.14
20
3-Furfural, C5H4O2
0.02
0.04
0.06
21
2-Furfural, C5H4O2
1.26
1.20
0.29

750
97.25

Table 2.7c (Continued)

No.
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Products
2-Furanmethanol, C51-16O2
3-Hexyne-2,5-diol, C6H10O2
5-Methyl-2(3H)-furanone, C5H6O2
Cyclopent-2-en-1,4-dione, C5H4O2
Styrene, C8H8
2-Methyl-2-cyclopentene-l-one, C6H8O
5H-Furan-2-one, C4H4O2
2-Cyclohexen-l-one, C6H8O
3-Methyl-2,5-frandione, C5114O3
5-Methyl-2-furfural, C6H6O2
Phenol, C6118O
2,3-Benzofuran, C8116O
3,4-Dihydro-6-methyl-2H-pyran-2-one, C611802
2-Hydroxy-3-methyl-2-cyclopenten-1-one, C6H8O2
2-Methyl-1,4-benzenediol, C7148O2
3-Hydroxy-2-methyl-4-pyrone, C6H6O3
5-Hydroxymethyl-2-tetrahydrofurfural-3-one, C6H8O4
1,4:3,6-Dianhydro-a-D-glucopyranose, C6H8O4
5-Hydroxymethyl-2-furfural, C6H6O3
1,6-Anhydro-ß-D-glucose (Levoglucosan), C6H10O5

Mass Balance (Carbon mole%)

400
0.09

Main reactor temperature ( ° C)
700
500
600
0.12

0.10
0.10
0.07

0.08
0.04
0.09

0.23
0.04
0.09
0.25
0.07
0.61
0.08
0.05
0.15
0.1 0
0.33
0.28
0.52
9.56

0.27
0.07
0.17
0.06
0.02
0.01
0.01
0.19
0.06
0.15
0.21
0.15
3.57

55.87

68.95

750

0.01

0.02
0.03
0.02

87.70

96.94

97.25

Table 2.7d Mass Balance (Carbon mole %) in System IV: Cellulose / NaCI (5 % of CI) / Synthetic Air (4) = - 0.8)
Main reactor temperature ( ° C)
750
700
400
500
600
No. Products
29.21
24.27
14.92
12.57
CO
1
96.21
67.99
49.43
49.83
31.11
2
CO2
0.10
0.31
0.07
Methane CH4
3
0.88
0.09
0.27
4
Ethene, C2H4
0.04
0.02
0.01
5
Ethane, C 2 H6
0.15
0.06
0.03
Propene, C3H6
6
0.34
0.22
0.08
Acetaldehyde, C2H40
7
0.08
0.01
Butene, C4H8
8
0.40
0.50
0.05
Furan, CIRO
9
0.21
0.18
0.12
10 Acetone, C 3 H6O
0.21
0.55
0.47
2-Butanone, C 4 H 8 O
11
0.95
0.89
0.28
12
2-Methylfuran, C5H6O
0.04
0.19
0.03
13
Benzene, C6H6
0.02
14 2-Ethylfuran, C 6 H 8 0
0.10
0.08
15
2,5-Dimethylfuran, C6H 8 O
0.02
3-Penten-2-one, C 5 H 8 O
16
0.07
0.03
Toluene, C 7 H8
17
0.01
0.03
3H-Furan-2-one, C4H4O2
18
0.06
0.14
3-Hexen-1-ol, C 6 H12O
19
0.01
0.02
0.03
3-Furfural, C5H4O2
20
0.26
1.28
1.18
21
2-Furfural, C5H4O2

Table 2.7d (Continued]

No.
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Products
2-Furanmethanol, C5H6O2
3-Hexyne-2,5-diol, C6H10O2
5-Methyl-2(3H)-furanone, C5H6O2
Cyclopent-2-en-1,4-dione, C5114O2
Styrene, C8118
2-Methyl-2-cyclopentene-1-one, C6118O
5H-Furan-2-one, C4H4O2
2-Cyclohexen-1-one, C6H8O
3-Methyl-2,5-frandione, C5H4O3
5-Methyl-2-furfural, C6H6O2
Phenol, C6H8O
2,3-Benzofuran, C8H6O
3,4-Dihydro-6-methyl-2H-pyran-2-one, C6H8O2
2-Hydroxy-3-methyl-2-cyclopenten-1-one, C6H8O2
2-Methyl-1,4-benzenediol, C7148O2
3-Hydroxy-2-methyl-4-pyrone, C6H6O3
5-Hydroxymethyl-2-tetrahydrofurfural-3 -one, C6H8O4
1,4:3,6-Dianhydro-α-D-glucopyranose, C6H8O4
5-Hydroxymethyl-2-furfural, C6H6O3
1,6-Anhydro- 11 -D-glucose (Levoglucosan), C6H10O5
Mass Balance (Carbon mole%)

400
0.05

Main reactor temperature ( °C)
500
600
700
0.09

0.23
0.10
0.04

0.16
0.04
0.06

0.27
0.07
0.06
0.18
0.06
0.27
0.14
0.06
0.07
0.11
0. 14
0.16
0.44
4.13

0.19

0.24
0.06
0.05
0.09
0.19
0.25

54.00

70.17

750

0.02

0.04
0.14
0.05
0.01

82.33

92.26

96.21
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2.3.3 Mass Balance (Carbon mole %) for Gas Products
Mass balance is expressed in carbon mole %, which is determined from the amount of
cellulose vaporized per unit time. Product for mass balance is determined as vapor
released from the reactor effluent outlet per unit time. The term vapor is used to describe
the sum of all gas phase products, which are evaporated from the solid phase in the
volatilization oven and are quantified by the two GCs' of analytical train. The number of
moles of carbon contained in all gas phase products is calculated from this GC data. Each
product is quantified and converted into carbon moles separately. Product mass is a sum
of the carbon moles of each gas product identified at each main reactor temperature set.
The mass balance data for all identified species is shown in Tables 2.7a to 2.7d.
The connecting lines between the main reactor and the on-line GCs are heated to
about 220°C to prevent product condensation, which can otherwise be a problem in the
downstream sections of the reactor, since higher molecular weight species are more
abundant at low temperatures. A condensation trap is placed just upstream of the GC inlet
valve, and this accumulated an appreciable amount of polysaccharide and
anhydrosaccharide residues during the course of the runs. This non-quantitated
polysaccharide residue is believed to account for the relatively poor overall mass balance
found at low temperatures [27-31].
Carbon mole % of levoglucosan at 400°C is 1.98 % for System I, 0.51 % for System
II, 9.56 % for System III, and 4.13 % for System IV. Greater production of levoglucosan
at (I) = — 0.8 implies that polysaccharides and anhydrosugars, which are not analyzed in
this study due to their low volatility, exist as major products [60-68]. The mass balance
defect is more significant at (I) = — 0.8 than at 4 = — 0.25 at low temperature ranges of the
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main reactor. Mass balance increases significantly and improves to 95 - 97 % at the
higher temperatures of the main reactor.

2.3.4 Char Formation
Yield of char is analyzed at two fuel equivalence ratios (4) = 0.25 and 4) = — 0.8) with
pure cellulose and cellulose containing NaCl (5 % of Cl). Volatilization of pure cellulose
resulted in a small flame with a continuous burning rate, which leads to low production of
char. Cellulose with NaCl is volatilized without flame formation at 400°C volatilization
oven temperature. Instead of ignition, cellulose with NaCl spreads back and burns rapidly
through the whole cellulose sample. The result is a tar formation on/in the unvolatilized
cellulose at early feed times. Tar is condensable liquid products that are produced from
the initial cellulose volatilization process. It is volatilized upon further, continued
exposure in the volatilization oven. The presence of NaCl changes the overall
volatilization process so that tar is volatilized in the volatilization oven with continuous
feed over the duration (10 - 15 min) of the experimental runs.
Tables 2.8a and 2.8d show yields for char, vapor, and chlorine (recovery %) in char
with initial input of 5 % of Cl (8.24 % of NaCl), which are produced and measured after
cellulose powder is fed into volatilization oven at 2.5 inches for 10 minutes. It was
mentioned earlier that the following conditions are used: Length for loading cellulose into
the boat is by 4 inches of 8 inches. Amount of cellulose in the boat is about 700 mg for
both 4) = — 0.25 and 4) = — 0.8. Feed rate is 6.55 mm/min. Volatilization oven temperature
is fixed at 400°C, and main reactor temperature is varied from 400 to 750°C. Refer to
section 2.2.3 on polymer powder feed in experimental section above.

Table 2.8a Char Formation at 4) = - 0.25 and 400°C Volatilization Oven
Main reactor
temperature
(°C)
400
450
500
550
600
650
700
750

System I: Cellulose / Air
Char (%)
Vapor (%)
Cellulose (%)
remained
produced
unreacted
80.63
0.95
18.42
0.90
79.49
19.61
76.85
0.92
22.23
1.08
76.68
22.24
74.51
l.01
24.48
79.70
1.08
19.22
1.15
81.76
17.09
1.25
83.75
15.00

System II: Cellulose / NaCI (5 % of Cl) / Air
Cl (%) in char
Char (%)
Vapor (%)
Cellulose (%)
recoveredd
remained'
produced b
unreacteda
4.94 (98.8)
10.39
81.39
8.22
4.92
(98.4)
10.86
78.53
10.61
4.91 (98.2)
10.89
80.27
8.84
4.90 (98.0)
84.05
10.35
5.60
11.07
4.90 (98.0)
81.70
7.23
4.89 (97.8)
10.52
83.34
6.14
4.87 (97.4)
10.02
85.41
4.57
4.83 (96.6)
10.61
86.86
2.53

Table 2.8b Char Formation at = - 0.8 and 400°C Volatilization Oven
Main reactor
temperature
(°C)
400
500
600
700
750

System III: Cellulose / Synthetic Air
Char (%)
Vapor (%)
Cellulose (%)
remained
produced
unreacted
8.03
60.31
31.66
7.42
65.67
26.91
6.96
67.07
25.97
6.27
70.63
23.10
5.63
72.38
21.99

System IV: Cellulose / NaCI (5 % of CI) / Synthetic Air
Cl (%) in char
Char (%)
Vapor (%)
Cellulose (%)
recoveredd
produced"
remained'
unreacteda
4.94 (98.8)
61.24
18.78
19.98
4.94 (98.8)
63.34
18.19
18.47
16.66
4.94 (98.8)
66.04
17.30
4.93 (98.6)
16.20
65.90
17.90
4.92 (98.4)
16.24
67.38
16.38

Pure cellulose (%) remained on boat after oxidation of cellulose with 5 % of Cl (8.24 % of NaCI).
Vapor (%) evaporated from the boat after oxidation of cellulose with 5 % of Cl (8.24 % of NaCl).
Char (%) includes both the cellulose char and NaCI on boat after oxidation of cellulose with 5 % of Cl (8.24 % of NaCl).
d
See Table 2.8c and 2.8d.
a

Table 2.8c Analysis of Cl at 4 = - 0.25 and 400°C Volatilization Oven
Main reactor
System II: Cellulose / NaCl (5 % of CI) / Air
Temperature
Char (%)
Cl (%)
Actual Cl
NaCl (%)
Actual
(%) in chard
remained
in char schar (%) b
Added
(°C)
400
10.39
2.21
8.18
5
4.94
4.92
2.70
10.86
8.16
5
450
10.89
8.15
500
2.74
5
4.91
550
10.35
8.14
2.21
5
4.90
11.07
600
8.14
2.93
5
4.90
8.13
2.39
650
10.52
5
4.89
10.02
700
8.11
1.91
5
4.87
750
10.61
5
8.07
2.54
4.83

Recovery
(%) of Cl e
98.8
98.4
98.2
98.0
98.0
97.8
97.4
96.6

Table 2.8d Analysis of Cl at 4 = - 0.8 and 400°C Volatilization Oven
Main reactor
Temperature
(°C)
400
500
600
700
750
a NaCl
b

Char (%)
remained
18.78
18.19
16.66
16.20
16.24

System IV: Cellulose / NaCl (5 % of Cl) / Synthetic Air
Actual
Cl (%)
NaCl (%)
Actual Cl
in char'
char (%) b
added
(%) in char d
10.60
5
4.94
8.18
5
10.01
4.94
8.18
8.48
5
4.94
8.18
8.03
5
8.17
4.93
8.16
8.08
5
4.92

Recovery
(%) of Cr
98.8
98.8
98.8
98.6
98.4

(%) in char was measured after oxidation of cellulose with 5 % of Cl (8.24 % of NaCl).
Actual char (%) = Char (%) remained - NaCI (%) in char
c 5% of Cl (8.24 %of NaCl) was added into cellulose before oxidation in the volatilization oven.
d Actual Cl (%) in char was analyzed after oxidation of cellulose with 5 % of Cl (8.24 % of NaCl).
e Recovery (%) of Cl is a percentage of actual Cl (%) in char to Cl (%) added into cellulose.
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At 4) = 0.25 with pure cellulose, mass balances (wt %) in the vapor and char are
74.51 - 83.75 % and 0.90 - 1.25 %, respectively, and mass balance for non-volatilized
cellulose intermediates are between 15 - 24.48 °A. At

4) = - 0.25 with NaCl, levels for

char are in the range of 10.02 - 11.07 %, vapor yields are at levels of 78.53 - 86.86 %,
and unreacted cellulose is 2.53 - 10.61%. 0.17 % to 5 % of feed chlorine is measured by
the chloride analysis in the effluent at 750°C.
At 4) = - 0.8 with pure cellulose, mass balance for the vapor yield increases from
60.31 % at 400°C to 72.38 % at 750°C while production of char decreases from 8.03 % to
5.63 % with increase of main reactor temperature, as shown in Table 2.8b. At = - 0.25
with NaCl, char and vapor are 16.2 - 18.78 % and 61.24 - 67.38 %, respectively. 0.08 %
to 5 % of feed chlorine is measured at 750°C. In both systems III and IV the amount of
unreacted cellulose after the run is 31.66 % and 19.98 % at 400°C, and 21.99 % and
16.38 % at 750°C, respectively.
Overall results show that char is formed in the range of 0.90 % - 1.25 % in System I
and 1.91 % - 2.93 % in System II after subtraction of NaCl remained in the char. Char in
System III is in the range of 5.03 % - 8.03 % and char in System III is in the range of 8.03
% - 10.6 % after subtraction of NaCl remained in the char. Char formation increases with
addition of NaCl and with increase of fuel equivalence ratio in cellulose combustion;
similar results are also reported by Low et al. and Morterra et al. [46, 48].
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2.3.5 Conversion Efficiency (CE)
Conversion efficiency is often used to describe the extent of incomplete combustion in
combustion operations where conversion efficiency (CE) is defined by the equation
below.
Conversion Efficiency, CE (%) = 100 x CO2 / (Total gas products)
Here CO 2 and total products are measured as carbon mole fraction (or mole %) in the gas
effluent stream. Figure 2.15 illustrates conversion efficiencies between four systems. For
both System I and II decomposition of light hydrocarbons into CO proceeds rapidly at
650°C, which is not a sufficient temperature to oxidize CO into CO2. The conversion
efficiency increases sharply at 700°C and shows complete conversion at 750°C in both
systems. In System I conversion efficiencies from 400°C to 650°C are lower than in
System II. The presence of NaCl might help initial gas fragments break down in this
temperature range. It is interesting to observe the difference of conversion efficiency at
700°C, which shows rapid increase of efficiency in System I, whereas there is an
inhibition in the conversion of CO into CO2 in System II. Conversion efficiencies in
System IV with NaCl is higher than System III between 400°C and 700°C. Conversion
efficiencies are also found to be higher at 4) = 0.25 than at 4 = — 0.8 at the same
temperature sets.

2.3.6 Influence of Temperature
We indicated above that all gas products are produced in the volatilization oven, which
operates at a fixed temperature of 400°C, and are destroyed with increase of main reactor
temperature. At only limited conditions, the extent of char yield is examined with
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increase of temperature in the volatilization oven at •:1) = — 0.25 and 2 sec residence time,
with pure cellulose and cellulose containing 8.24 % of NaCl (5 % of Cl). Figure 2.16a
shows the yield for char. The following conditions are fixed: length for loading cellulose
into the boat is by 2 inches of 8 inches; amount of cellulose in the boat is about 350 mg;
cellulose samples are fed at a feed rate of 6.55 mm/min for 15.5 minutes; main reactor
oven temperature is fixed at 400°C. However, the volatilization oven is varied from
300°C to 550°C. The char yield in System I (pure cellulose) stays at about 0.15 % from
300°C to 550°C without change. The char yield in System II which is 11.15 % at 300°C
decreases to 8.85 % at 400°C. It remains at about 8.25 % at 500°C and 550°C. 8.24 % of
NaCl is assumed to remain in the char without volatilization, as observed by Kanters et
al. [44], the amount of cellulose char in System II is 2.91 %. This assumption implies that
cellulose with NaCl produces more char at low temperatures than pure cellulose.
Complete combustion of cellulose is also investigated at higher temperatures of the
main reactor, 800°C and 850°C, which are related to conditions for combustion control of
organic emissions from municipal waste incinerators. Figure 2.16b shows that near
complete combustion is approached at main reactor temperature of 700°C (1292°F),
which thermal destruction of gas phase organics is caused. Mass balance data is 94.97 %
at 800°C and 97.33 % at 850°C (1562°F), without CO and organic emissions. It is
possible that good mixing of excess air is achieved in the main reactor through the
introduction of the volatilization oven [1]. The following conditions are used for these
high temperatures runs: length for loading cellulose without NaCl into the boat is by 4
inches of 8 inches; amount of cellulose in the boat is about 700 mg; cellulose samples are

52
fed at a feed rate of 6.55 mm/min for 10 minutes; volatilization oven temperature is fixed
at 400°C, while main reactor oven temperature is set at 800°C and 850°C.

2.3.7 Effects of NaCl and 4)
The effects of NaCl and 4) are investigated on distribution and fate of gas products from
the pyrolysis and oxidation of cellulose in the four different systems. Figures 2.17a to
2.17d show a clear difference in GC intensity of gas products, at different main reactor
temperatures of 400°C, 500°C, 600°C, and 700°C. These results indicate that species
with four or more carbons (measured by AT-5 capillary column) and light hydrocarbon
species CI to C4 (Super-Q column) show higher production at both 4) = — 0.25 and 4) =
0.8 in oxidation of pure cellulose than the same fuel equivalence ratios with NaCl. The
major product, levoglucosan, disappears below detection limits at 450°C main reactor
temperature for 4) = — 0.25 with NaCl and 500°C for 4) = ~ 0.8 with NaCl. However,
levoglucosan survives at 450°C for 4) = 0.25 and 500°C for 4) = — 0.8 in the absence of
NaCl. This faster disappearance of levoglucosan in the presence of NaCl implies that
either less stable intermediate moieties are formed in the presence of NaCl, which break
down more rapidly to fragmented products or NaCl accelerates this fragmentation.
Figures 2.18a to 2.18p compare product yields in the four different systems: 4) =
0.25 without and with NaCl (System I and System II), = — 0.8 without and with NaCl
(System III and System IV) . Figure 2.18a shows the major aromatic species, benzene, is
an important product (about 0.07 % carbon mole) at 4) = 0.25 without NaCI (System I)
in the range of 500°C to 700°C, but it appears in high production at 400°C at 4) = — 0.8
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with NaCl (System IV). Aromatic species, such as toluene, styrene, and benzofuran, at
both 4) = 0.25 and at 4) = — 0.8 decrease in the presence of NaCl, as observed by Low et
al. (34).
Figures 2.18b to 2.18f show that at 4) = — 0.8 reactions in the volatilization oven
probably undergo more pyrolysis than at 4) — 0.25. This pyrolytic reaction effects the
distribution and decomposition rate of initial products with 4) = — 0.8. One set of results
which supports this increased pyrolysis factor at higher 4) is illustrated in the product
distribution of C4 and C5 furans, as shown in Figures 2.18b and 2.18c. Due to the slower
reaction rate at 4) = — 0.8, C6 oxygenated intermediates appear in higher concentration and
furan derivatives (C4 and C5) increase, as shown in Figures 2.18b to 2.18e. 5H-furan-one,
2-butanone, 2-furfural, and 2-methylfuran show higher concentration at 4) = — 0.8 and
500°C main reactor temperature, which is not high enough to drive a high degree of
oxidation but starts the decay of these species. There are also differences due to NaCl at
500°C. NaCl inhibits the formation of 5H-furan-one at 4) = — 0.8 while it increases its
formation at 4) = 0.25. 2-Butanone is inhibited by NaCl at both 4) = — 0.25 and 4) = — 0.8.
2-Furfural and 2-methylfuran, which are major products among furan derivatives in
Figures 2.18d and 2.18e, show no difference in yield under conditions with and without
NaCl. At 4) = — 0.8 these furans have higher concentration than at 4) = — 0.25. But furan in
Figure 2.18f, unlike other furan derivatives, shows similar a distribution pattern to that of
light species. Furan at 4) = — 0.25 is in high concentration at 400°C, not at 4) = — 0.8. NaCl
may inhibit furan formation between 500°C and 600°C main reactor temperature.
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C 1 to C4 light species including acetone, acetaldehyde, ethene, and methane are
illustrated in Figures 2.18g to 2.18j. These species have similar characteristics as shown
by comparison of the four reaction systems in product distribution versus temperature.
Concentrations of these low molecular species at 400°C are at high levels with 4) = 0.25
for both System I and II. The observed order of concentration is 4) = 0.25 > = — 0.25
with NaCl > = — 0.8 > = — 0.8 with NaCl at 400°C. The data suggests that the
formation of light species at 400°C is inhibited with increase of fuel equivalence ratio and
addition of NaCl in this study. As expected, these species at 4) = — 0.8 without NaCl
(System III) remain at high concentrations at 600°C except methane, which shows high
concentration at 4) = — 0.25 (System I). Both fuel equivalence ratios without NaCl
(Systems I and III) show more favorable formation of light species than two fuel
equivalence ratios with NaCl (Systems II and IV).
CO formation shown in Figure 2.18k is inhibited by addition of NaCl, while CO2
formation shown in Figure 2.181 is accelerated in the presence of NaCl at both fuel
equivalence ratios. CO in System III without NaCl shows maxima in concentration at
600°C but CO2 is increased by addition of NaCl, as shown in Systems II and W. It is
interesting that CO2 formation at 700°C at 4) = 0.25 is higher than that at 4) = —j 0.25 with
NaCl.
High concentration of light species (C1 - C4), as illustrated in total yield data of
Figure 2.18m, is observed at low temperatures at 4) = 0.25 (Systems I and II). Furan
derivatives (C4 and C5) show high production at ø = 0.8 (System III and IV) over the
whole range of main reactor temperature, as shown in Figure 2.18n. At = 0.25 and —
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0.8, product distributions show that NaCl inhibits formation of light species and furan
derivatives. Hydrocarbons (C 5 - C 7 ) and C6 oxygenated species show a similar decay
pattern in each of the four different systems, as shown in Figures 2.18o and 2.18p. These
species show a clear order in their concentration: 4) = — 0.8 > = — 0.8 with NaCl > =
0.25 > = 0.25 with NaCl between 400°C and 500°C. Their overall formations are
inhibited by NaCl but increase at 0 = — 0.8.
Overall effects of NaCl and 4) on cellulose pyrolysis/oxidation in the presence of
NaCl show high decomposition of levoglucosan and more rapid conversion into CO and
CO2. Formation of major initial products, C6 oxygenated species, hydrocarbons (C5 - C7),
furan derivatives (C 4 and C5), and light species (C1 - C4) are inhibited by presence of
NaCl at both 4) = — 0.25 and — 0.8. Formation of these species increases at = - 0.8,
except for light species at low temperatures. NaCl accelerates the decomposition of high
molecular weight species, such as levoglucosan and subsequently conversion into CO and
CO2. Complete combustion is achieved at 750°C for both fuel lean conditions.

2.3.8 Formation of Levoglucosan
This study is conducted in the dual stage volatilization and main reactor ovens. Cellulose
powder is fed into the volatilization oven (400°C) with a fixed feed rate in air. Cellulose
in the polymer feed boat is exposed to pyrolyze and produce a gas cloud. This gas cloud
flows into main reactor oven, so that further oxidation occurs with O2 in air. All initial
products are from the pyrolysis and oxidation of cellulose in the volatilization oven.
These initial products experience more complex oxidation in the main reactor with
increase of temperature.
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Cellulose is an important component in cell wall, which is connected by the intro and
intermolecular hydrogen bond with ß-1,4-glycosidic bond between cellobiose, repeating
unit (C61110O5), so that it can give significant strength and rigidity to a cell wall and the
cellulose molecule. Major hydrogen bonds occur between: (1) OH at C3 and ring oxygen
in cellobiose unit. (2) OH at C6 and glycosidic bond oxygen. These hydrogen bonds might
be affected by heterolytic cleavages of cellulose structure due to thermal cracking and
disrupture in the volatilization oven. Random scission between OH at C6 and glycosidic
bond oxygen leads to major initial products, oligosugars, anhydrosugars, levoglucosan,
and cellobiosan via transglycosylation, which is a nucleophilic displacement of the
glycosidic groups by one of the free hydroxyl groups [14-17, 60-67]. Levoglucosan is a
major species produced via transglycosylation from the cellulose chain and further can be
formed via depolymerization (unzipping) from anhydrosugar chains, as shown in Figure
2.19 [14-16, 61]. Cellobiosan is a representative dianhydrosugar, which is composed of
glucose and levoglucosan, and its decomposition is well discussed by Pouwels et al. [14].
Levoglucosan also can be formed from other anhydrosugars, 1,4-anhydrosugar and
1,2-anhydosugar, which are major intermediates with monomeric structure. 1,4Anhydrosugar is produced by homolytic cleavage of C-O bond in the glycosidic bond (CO-C). It may undergo further reaction into 1,4:3,6-dianhydro-α-D-glucopyranose via
dehydration or stabilize into levoglucosan. 1,2-Anhydrosugar is formed from
intramolecular displacement due to high reactivity of C2. It might decompose into furfural
and 5-hydroxymethylfurfural or reacts to stabilize into levoglucosan [16, 60].

CHAPTER 3

PYROLYSIS AND OXIDATION OF POLYSTYRENE

3.1 Introduction
The treatment and disposal of waste plastics have become a concern in the environmental
community. Landfill is decreasing in availability and use as an option for disposable
municipal solid waste, incineration may be considered to be a suitable alternative [1-4,
71]. Among the benefits incineration offers significant volume reduction of waste and the
potential for refuse-to-energy conversion. However, concerns persist over the possible of
toxic by-products of incineration process, and. The process of plastics as a component of
waste (at approximately 10 % by mass) has been suggested as source of toxicity in
incineration emission. The presence of polystyrene in solid waste combustion has been
reported to produce polynuclear aromatic hydrocarbons (PAH), which show toxicity and
need careful treatment [5].

Figure 3.1 Polystyrene Repeating Structure, C8H8

Polystyrene (PS) is an amorphous, homogeneous linear polymer and consists of
covalently bound units of styrene monomer (C8H8). Polystyrene is one of the major
synthetic polymers in use; polystyrene applications range from food and medical
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packaging to home insulation due to the ease of improvement in its physical properties
through processing with specific additives. Commercial impact polystyrene, for example
has an elastomer additive polybutadiene, which gives it strength. Expandable polystyrene
contains a volatile blowing agent, pentane. Fire resistant polystyrene contains halogenated
additive and antimony oxide. Most polystyrene is synthesized by free radical mechanism
of polymerization. Previous studies indicate that the major products from combustion of
polystyrene are styrene monomer and other volatile products [8-10, 72].
A number of studies have been reported on the thermal decomposition of polystyrene
at high temperatures between 700°C to 1200°C [73-80]. Levendis's group [73-75]
reported data on decomposition of polystyrene in horizontal batch reactors and in drop
tube furnaces, with gas phase and particulate samples collected on glass fiber filters or
XAD adsorbents [73]. They identified 48 products from the combustion of polystyrene
under these conditions. A prominent product was phenanthrene observed under puff
condition in air and biphenylene in the dilute clouds in nitrogen. PAH peaks in GC
chromatograms appeared to be more abundant at 2 seconds residence time and 950°C, but
at 1150°C and the same residence time PAHs such as benzofuran, phenanthrene,
anthracene, benzofluoranthenes, and benzoanthracenes are disappeared dramatically.
Levendis et al. reported that the total emission of PAHs from combustion of polystyrene
increased as the fuel equivalence ratio increased from 0.8 to 3.4 and they observed the
highest productions of PAH during pyrolysis in nitrogen [74]. They also found that
polystyrene produced much more soot than either polyethylene or polyvinyl chloride.
Higher levels of soot were observed in the condensed phase than in the gaseous phase,
and it produces more soot under fuel rich conditions than fuel lean. They recommend that
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polystyrene be burned with a high excess of air (q) < 0.8), under fuel lean conditions, to
minimize the emission of PAHs and soot.
Durlak et al. studied the combustion of polystyrene spheres in an upflow tubular
reactor with 0.5 sec residence time over a temperature range from 800°C to 1200°C. They
reported that the total PAHs and mass of the combined gas and particulate phase effluent
decrease with increasing temperature, and with decreasing polymer particle size. They
indicate that polystyrene produces more soot and PAHs than other polymer plastics and
recommend polystyrene to be burned under conditions of high excess air to minimize
emission of these species [76]. The research group of Karasek identified a number of
polyaromatic hydrocarbons from their high temperature (850°C - 950°C) batch feed (2 g)
pyrolysis and oxidation flow tube experiments. The gas velocity through their reactor was
slow, ca 12 cm/sec, with products collected in cryogenic traps and on glass-wool filters
[77]. Elomaa and Saharinen performed similar experiments with smaller samples,
collecting soot in addition to analyzing the soot extracts for PAHs at two quite different
oven temperatures of 700°C and 25°C in an air environment. The most abundant PAHs
were trans-stilbene, phenanthrene and 2-phenylnaphthalene from the combustion of
polystyrene at 700°C. They found that polystyrene produced more soot and PAHs than
did polypropylene or wood. Also, soot production from burning at 700°C was two times
greater than that at room temperature of 25°C. They reported that reduction of soot
production reduces the amount of PAHs during combustion [78].
Many investigators have examined the pyrolysis and oxidation of polystyrene at
temperatures between 200°C and 550°C [81-87]. Brauman et al. investigated the thermal
degradation of vertically mounted polystyrene rods under radiant heating and non-flaming
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conditions at 446°C in air and in nitrogen. They report average styrene monomer yields of
33 % from reaction under nitrogen and relative concentrations of high boiling point
products are styrene> trimer> dimer> tetramer> pentamer> hexamer [81]. Shapi and
Hesso studied thermal decomposition of polystyrene at 300°C using a pyrex pyrolysis
tube under either synthetic air or nitrogen. They extracted vapor phase products in a
hexane solvent trap, and report 164 volatile species from reaction in air and 71 in
nitrogen. Relative product mass balance yields were 86.8 % in air and 90.3 % in
nitrogen, with relative yield percents of styrene (27.3 %) > benzaldehyde (14.7 %) >
dimer (8.2 %) > trimer (3.1 %) in air. They explained that loss of material balance comes
from the oligomers and their isomers, which are not volatile [84]. Carniti et al. studied
thermal degradation of polystyrene and resulting products from batch reaction in a
vacuum sealed glass vial, at temperatures from 360°C to 420°C. Classical products
identified were benzene, toluene, ethylbenzene, styrene, cumene, n-propyl-benzene, amethylstyrene, 2-phenyl-butane, indan, methylindan, naphthalene, methylnaphthalene,
diphenylmethane, 1,l-diphenyl-ethane, 1,2-diphenylethane, 1,2-diphenylpropane, 1,3diphenylpropane, 1,3-diphenylbutane, 1,3-diphenylbutene, 1-phenyl-naphthalene, 2phenylnaphthalene, and terphenyl [87].
Many investigators have studied the pyrolysis kinetics of polystyrene by using
thermogravimetric analysis (TGA), which can monitor decomposition and conversion of
polystyrene into gas phase products under batch conditions [88-95]. Westerhout et al.
analyzed the pyrolysis of polystyrene at temperatures between 365°C and 400°C to
determine first order reaction parameters for 70 - 90 % conversion: activation energy (Ea)
is fitted to 204 kJ/mol for first order reaction with a preexponential parameter in the order
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of 10 13 s -1 [88]. Kuroki et al. reported 152 kJ/mol for activation energy and 10 11 s -1 at
310 - 390°C [91]. Backhorn et al. found 172 kJ/mol for activation energy and 10 12.47 s' l at
360 - 410°C [95].
Salt additives have been known to result in significant effects on formation of soot
and PAHs in combustion of plastics [96-100]. Chung and Tsang reported experimental
results on formation of soot in the combustion of polystyrene. They found that BaCl2 has
the greatest effect in reduction of soot yield while KCl, NaCl, and CaCl2 show relatively
little effect on soot reduction. Salts with other anions, such as KNO3, K2CO3, Ba(NO3)2,
and Ba(CH3COO)2, also show no effects on the soot yield [96]. You et al. studied the
effect of salts on combustion of polystyrene in a two stage reactor: stage one is controlled
to 500°C at 30 - 40°C/min and stage two is varied from 700°C to 1200°C They reported
the yield of 14 PAHs and soot increase with addition of BaCl2 or NaCl relative to studies
without the salts. They found that salts cause to shift to lower temperature, from 1000°C
to 900°C, for the maximum yield of these 14 PAHs [97].
Many researchers have studied the thermal decomposition of polystyrene in the
presence of retardant or catalyst [101-105]. Alajbeg et al. studied thermal degradation of
polystyrene mixture with and without 2 % of tetrabromovinylcyclohexene (TBVCH) as a
flame retardant agent under air, air-nitrogen, and nitrogen atmosphere at 823 K, 1023 K,
and 1223 K. The thermal decomposition of PS was performed in a flow reactor tube with
solvent absorber with hexane and molecular sieve column. They listed 117 pyrolytic
compounds found by GC/MS and GC identification. Most products are aromatic
hydrocarbons such as styrene, dimers, and trimers. Yield of styrene was found to be 50 %
at 823 K and 1023 K, but decreases drastically at 1223 K. They reported that many fused

62
ring compounds were formed with increase of temperature, in addition to and oxidized
compounds such as ketones, aldehydes, compounds with hydroxy group, and benzoic acid
[101].
The objective of this work is to identify and quantify initial decomposition products
of polystyrene in a continuous feed and flow reactor in which fragmentation occurs at a
constant temperature in a steady, uniform manner. Analysis is performed using four online GC/FID systems and a GC/MS with impinger sample. We study fate and distribution
of these initial products due to the further oxidation of polystyrene fragments as a
function of the main reactor temperature at 2 sec residence time under different fuel lean
conditions (0 = 0.1 and (I) = — 0.8) relevant to incineration. Effects of NaCl are
investigated by comparing oxidation of polystyrene with and without 8.24 % of NaCl (5
% of Cl) by mass. We report optimal conditions in the combustion of polystyrene for
complete mineralization of initial products into CO2 and H2O. Possible pathways for
weight loss of polystyrene and formation of styrenes (monomer, dimer, and trimer) are
illustrated.

3.2 Experimental
3.2.1 Reagents
Polystyrene, thermoplastic amorphous polymer, is obtained from Aldrich Chemical with
average molecular weight 230,000, melt index 8.5, and particle density 1.04 gm/cm3. The
polystyrene pellets are ground into powder form and sieved in the particle size in the
range of 0.15 mm to 0.3 mm.
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3.2.2 Experimental Apparatus
Oxidation and pyrolysis of polystyrene is investigated in the same experimental system,
which is used for cellulose in Chapter 2 and illustrated in Figures 2.2 and 2.3. This
reactor system is designed for characterizing initial polymer fragments produced in the
first stage, volatilization oven and for monitoring their distribution, fate and conversion in
the gas phase with increase of the main reactor temperature. Tight temperature control is
maintained within ±10°C, as shown in the temperature profiles of Figure 3.2. The quartz
reactor tube has a 10.5 mm ID by 1.6 meter length. The volatilization oven temperature is
maintained at 400°C. The main reactor temperature is varied from 400°C to 750°C
(isothermal) for two different fuel equivalence ratios, (I) = — 0.l and = — 0.8.

3.2.3 Polymer Powder Feed
Pure polystyrene powder is dried at 105°C in an oven before feed. Polystyrene sample
with NaCl is prepared by adding 8.24 % (by mass) of NaCl (3.24 % of Na plus 5 % of Cl)
in H2O solution and then evaporating H2O. All samples are kept in a desiccator.
For experiments at 4 = — 0.1 polystyrene samples with and without NaCl are filled
into a 3 inches (7.6 cm) by 8 inches (20.3 cm) length boat at an uniform density about 220
mg. The boat begins with its front end at the 2 inches (5 cm) position into the
volatilization oven (360°C); it is fed with a constant rod speed, 4.47 mm/min by the
syringe pump. The final position (after 15 minutes of reaction time) is near 4.6 inches
(11.8 cm) into the volatilization oven (400°C) and 7.4 inches (18.8 cm) before the main
reactor oven. Feed rate of polystyrene is calculated by the mass of gas vapor generated per
unit time (minute). It is about 7.4 mg/min for (I) = — 0.1, as shown in Table 3.4a. After 15
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min, the boat with some polystyrene remaining plus ash is removed from the reactor and
allowed to cool in a desiccator. The amount of polystyrene vaporized and char produced
in polystyrene residue are determined gravimetrically. Each run for the two analytical
GCs starts at 14.50 minutes (injection time to GC) relative to start of polystyrene boat
feed. Steady state operation is verified and sample is collected after about 14.50 minutes
of continuous feed operation. The third GC with no column monitors steady state
operation characteristics.
For experiment runs with 4) = — 0.8, the polystyrene powder is filled 4 inches (10.15
cm) by 8 inches (20.3 cm) length boat with a uniform density about 220 mg, as shown in
Table 3.4b. The boat is initially stated at a position which is at 2.5 inches (6.3 cm) into
the volatilization oven (380°C); it travels with a constant rod speed, 4.47 mm/min for 20
min, which results in steady state operation for 4) = — 0.8. The feed rate of polystyrene is
about 6.6 mg/min. Gas samples are injected after 19.50 min reaction time into the two
GCs with three columns and then polymer mass loss and char are measured. The higher
fuel equivalence ratio is achieved by using synthetic air as the reactor carrier gas, as
described in the next section.

3.2.4 Gas Flow
Air and synthetic air (mixture of air and nitrogen) are used as carrier gases in polystyrene
combustion. Air flowrate is controlled to maintain a fixed 2 sec residence time in the
main reactor, as described previously for cellulose in Chapter 2. Fuel lean operation with
= — 0.8 is obtained by use of a synthetic air flow system. It consists of air plus nitrogen;
air is fixed at a flowrate while nitrogen in the gas streams is varied with reactor increased
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temperature to keep the 2.0 sec residence time in the main reactor, as shown in Tables
3.4a and 3.4b. Total flowrate is 1.255 L/min at 400°C (Air, ATP) for = — 0.1 in the Air
System and 1.255 L/min (N2 : Air = 1.165 : 0.090 = 1.255) for (I) = — 0.8 in the Synthetic
Air System.
Polystyrene is a highly flammable, plastic polymer. Operation at fuel equivalence
ratios above 4) = — 0.22 in air shows ignition and the production of flame in the
volatilization oven. This flame consumes the entire polystyrene on boat in a short time via
back diffusion and it produces appreciable soot. The polystyrene combustion under this
flame condition does not result in steady state operation or constant fuel equivalence ratio
during the combustion. There are two ways to operate under steady state conditions with
constant fuel equivalence ratio. One is use of nitrogen as a dilution gas to hold 4) = — 0.8
through control of oxygen content in the carrier. It has the advantage of allowing feed of
same polystyrene mass per time as used at 4) = — 0.1. A second method of gas flow
incorporates a small nitrogen flow over the vaporizing feed polymer, with the main air
plus supplemental oxygen inlet downstream separately via a tee in the volatilization oven.
These vapor and main gas streams meet and mix in the volatilization oven and are
adjusted so that the inlet O2:N2 ratio is maintained at 21:79. The N2 stream prevents back
diffusion of the oxidation gases or flame radical pool to un-fed polymer and eliminates
pre-ignition of the feed polymer.

3.2.5 Analysis
The analytical train consists of three on-line gas chromatography (GCs), as described in
Table 3.la. The first GC (Varian 3700) uses two columns; a Carbosphere packed column
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that separates CO, CO2, and an unresolved group of light hydrocarbons and a Super-Q
packed column that separates light hydrocarbon species. A second GC (Hewlett Packard
5890 series II) is fitted with a DB-1 (SE-30) capillary column that separates medium to
high molecular weight gas phase products, which show non-polar. The same liquid phase,
100 % of polymethylsiloxane (SE-30) used for the GC analysis, is used for the GC/MS
analysis. The third GC (Varian 3700) operates without a column and at a constant oven
temperature (250°C); its FID is used to measure total hydrocarbon products for
identification of steady state operation. GC oven temperature programs are listed in Table
3.1b.

Table 3.1a Gas Chromatograph Columns
80/100 mesh
l/8" x 6'
Carbosphere
CO and CO2
80/100
mesh
l/8" x 6'
Super-Q
Light organics
15 m x 0.53 mm
DB-l (SE-30)
Heavier organics
l.20 p.m film
50 m x 0.20 mm
OV-1 (SE-30)
GC/MS impinger sample
0.10 µm film

Table 3.1b Oven Temperature Programs for Gas Chromatograph
Ramped10°C/min
40°C for 3 min
CO and CO2
Light organics
40°C for 3 min Ramped 10°C/min
Ramped 7°C/min
Heavier organics
40°C for 3 min
Ramped 7°C/min
GC/MS impinger sample
40°C for 3 min

180°C for 20 min.
180°C for 20 min.
250°C for 30 min.
250°C for 30 min.

Three six-port gas sampling valves (Valco Instrument Co.) with a 1-ml volume are
maintained at 25°C and 1 atmosphere pressure for the Carbosphere column, at 80°C for
the Super-Q column, and at 250°C for the capillary DB-1 column. Each gas volume is
corrected to corresponding volume at 25°C for quantitation.
The impinger sample for GC/MS analysis is collected in an impinger containing 30
ml of methylene chloride cooled to ice water temperature. Collection of the most

Table 3.2 Gas Products Identified in the Pyrolysis and Oxidation of Polystyrene
Peak No. a
lc
2
3 ,3
4
5
6
7
8
9
10e
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Products
CO
CO2
Methane, CH 4
Ethene, C2H4
Propene, C3H6
Acetaldehyde, C 2H4O
Butene, C4H8
Acrolein, C 3 H 4 O
Acetone, C3H60
Benzene, C6H6
Toluene, C 7 H 8
Ethylbenzene, C 8H10
Phenylethyne, C8H6
Styrene, C8H8
Benzaldehyde, C 7 H 6 0
α-Methylstyrene, C9H10
Benzofuran, C8H10O
1,3-Benzodioxole, C 7H6O
Benzeneacetaldehyde, C 8H8O
Indene, C 9 H 10
3-Butenylbenzene, C101412
1-Phenyl-1,2-propanedione, C9H802
1-Methylenepropylbenzene, C10H12
2,3-Dihydro-1H-inden-1-one, C 9 H 8 O
Benzoic acid, C7H6O2
Naphthalene, C10H8

RTb
2.25
9.10
0.86
2.99
8.92
10.98
13.25
14.66
15.11
1.2
2.3
4.2
4.6
4.9
6.2
7.0
7.1
7.4
8.1
8.3
8.4
8.5
8.7
10.5
10.7
111

MW
28
44
16
28
42
44
56
56
58
78
92
106
102
104
106
118
118
122
120
116
132
148
132
132
122
128

12.2

132

2 Methylbenzofuran, C9H O

12.7
13.6

134
132

3-Phenyl-2-propen-1-ol, C 9 14 10 0
3-Phenyl-2-propenal (= Cinnamaldehyde), C 9H8O

-

8

Response factor (Rf)
2.45E-08
4.27E-08
8.70E-10
9.60E-10
9.50E-10
9.00E-10
9.90E-10
9.00E-10
9.00E-10
3.50E-10
2.97E-10
2.82E-10
2.80E-10
2.81E-10
3.02E-10
2.80E-10
2.84E-10
3.00E-10
3.00E-10
2.80E-10
2.80E-10
3.00E-10
2.80E-10
3.00E-10
3.00E-10
2.52E-10
3.00E 10
3.00E-10
3.00E-10
-

Table 3.2 (Continued
Peak No.a
RTb
14.9
30
31
15.6
32
17.3
33
17.7
34
18.6
35
18.8
36
19.1
37
19.4
38
19.6
39
20.1
40
20.3
41
20.5
42
20.8
43
21.4
21.7
44
45
22.1
46
22.7
23.6
47
48
23.8
49
24.1
50
24.4
51
29.3
52
34.1

MW
154
168
180
182
194
180
182
196
180
180
208
194
178
206
208
210
234
204
208
222
236
312
306

Products
Biphenyl, C 12 H 10
Diphenylmethane, C13H12
1,1'-Diphenylethylene, C141412
Bibenzyl, C141414
α-Methyl-(E)-stilbene, C151414
4-Ethenyl-1,1'-biphenyl, C 14 H 12
Benzophenone, C D H 10 O
1,1'-(1,3-Propanediyl)bis-benzene (= 1,3-Diphenylpropane), C151416
9,10-Dihydro-phenanthrene, C14111 2
(E)-Stilbene, C141412
Styrene, dimer (= 2,4-Diphenyl-1-butene), C161416
1-Methyl-2-(2-phenylethenyl)-benzene, C15H14
Anthracene, C141 -110
1,4-Diphenyl-1,3-butadiene, C16H14
1,1'-(1-Buten-1,4-diyl)bis-(Z)-benzene, C161 -116
1,1'-(1,2-Ethanediyl)bis-4-methylbenzene, C16H18
4b,5,6,10b,11,12-Hexahydrochrysene, C18H18
2-Phenylnaphthalene, C161412
1,3-Diphenyl-(E)-2-propen-1-one, C 15 11 12 O
1-(4-Methylphenyl)-3-phenyl-2-propen-l-one, C 16 H 14 O
trans-1,2-Dibenzoylethylene, C161112O2
Styrene, trimer (= 2,4,6-Triphenyl-1-hexene), C24 14 24
Quaterphenyl, C24H18

a Peak numbers and b retention time (min) shown in the GC chromatogram of Figure 3.5.
Gas products between No.1 and 2 are separated on Carbosphere column.
d Gas products between No.3 and 9 are separated on Super Q column.
Gas products between No.10 and 52 are separated on DB-1 Capillary column.

Response factor (RF)
2.47E-10
2.47E-10
2.45E-10
2.45E-10
2.45E-10
2.45E-10
2.53E-10
2.43E-10
2.45E-10
2.45E-10
2.50E-10
2.45E-10
2.54E-10
2.50E-10
2.50E-10
2.50E-10
2.60E-10
2.55E-10
2.60E-10
2.60E-10
2.60E-10
2.60E-10
2.60E-10
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prominent products is done at 400°C volatilization oven. The temperatures in the main
reactor are 400°C and 550°C for 4 = 0.l, and 400°C and 600°C for (I) = — 0.8. GC/MS
data are presented in Chapter 5. Impinger sample from four runs provides sufficient
concentration for the GC/MS analysis. Each boat contains 220 mg of polystyrene. The 30
ml extracts are concentrated to 1ml under nitrogen purge at 25°C and refrigerated at 4°C
until analysis.
Product identification is achieved by comparing the GC retention time of known
sample standards and impinger sample peaks and by comparing the sample spectrum with
the standard spectrum in NIST 92 library. All products identified show high confidence,
over 90 % matching with the standard spectrum [69, 701 Identified product peaks of the
initial polymer fragments are numbered from I to 52. Product number in Table 3.2
corresponds to peak number in Figure 3.5.
Calibration curve with standards is made by an external standard method with two
points for quantitation. Each identified product from oxidation of polystyrene is
calculated directly from its response factor. The response factor is calculated by dividing
a known mass of standard by the area of standard in the GC chromatogram.
Concentration of each product in the gas phase is calculated as mg in unit per unit gas
volume injected into the GC. This is easily converted into carbon mole % for mass
balance. It is the best way to get each response factor with each standard. Response factor
of PAHs with similar structure can be used for quantitation of gas products when
standards are not available. Normalization methods without response factor or internal
standard method (addition of a standard into complex liquid sample before extraction)
can also be a good quantitative method for complex liquid mixtures (PAHs) collected
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from polymer combustion. It is noted that response factors for CO and CO2 depend on the
activity of the ruthenium catalyst, which needs more routine calibration.

3.3 Results and Discussion
Combustion of polystyrene in powder is studied under two widely different fuel lean
condition sets: 0 = 0.l and 0 = — 0.8. The reactor carrier gas is air or synthetic air. The
volatilization oven temperature is maintained at 400°C throughout all run, while the main
reactor temperature is set in the range of 400°C to 750°C. Gas residence time is a
constant 2.0 sec in the main reactor. Four reaction systems (System I, II, III, and IV) in
Table 3.3 are investigated with pure polystyrene and polystyrene containing NaCI (5 % of
Cl) in air or synthetic air.

Table 3.3 Four Different Reaction Systems with and without NaCl
Reaction system
Fuel equivalence ratio (0)
— 0.1
System I: Polystyrene / Air
— 0.1
System II: Polystyrene / NaCl (5 % of CI) / Air
— 0.8
System III: Polystyrene / Synthetic Air
— 0.8
System IV: Polystyrene / NaCl (5 % of Cl) / Synthetic Air

3.3.1 Combustion Parameters
3.3.1.1 Reactor Operation: The volatilization oven for polystyrene combustion is set to
maintain a constant, uniform temperature between 350°C and 450°C. This is below
typical grate and fuel-bed temperatures of municipal solid waste incinerators, which are
in the approximate ranges 425 - 540°C and 750 - 1100°C, respectively. This temperature
range is chosen to ensure uniform volatilization of polymer feed and to limit further
degradation of initial polymer fragments in the volatilization process [l, 4, 7, 106]. It is
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noted that the formation rate of monomers depends on reactor temperature in the
pyrolytic environment [5]. We observe monomers and dimers as major initial products in
this temperature range.
The gas phase polymer, which fragments and vaporizes under steady state conditions
in the volatilization oven, flows directly into a second, main flow reactor oven and
undergo further reaction. Temperatures in the main flow reactor are varied independently
to determine the conditions needed to convert the initial polymer fragments to CO2 and
H2O. Combustion products are monitored at the main reactor temperatures from 400°C to
750°C and at 2 sec residence time. The reactor is designed to observe and monitor the
fate and distribution of initial fragments into final products, CO and CO 2 via
intermediates.
Polystyrene in the volatilization oven is under non-flame environment, so that there
is little change in reactor temperature profile during a polymer run, as seen in Figure 3.2.
This temperature change is small, less than 10°C. Temperature increases are below 10°C
in the first 3 inches (7.5 cm) of the volatilization oven stage and below 3 to 5°C in the
first 1 inch of the main reactor oven. There are no other observed changes in temperature
profiles.

3.3.1.2 Fuel Equivalence Ratio (0: Fuel equivalence ratio is very important to
determine the condition of polymer oxidation, to characterize the distributions and fates
of toxic products at a reactor temperature, and subsequently to provide information to
control or limit toxic emissions. Values of the fuel equivalence ratio for the four system

Table 3.4a Fuel Equivalence Ratio (4) = - 0.1) at 2.0 Seconds Residence Time
450
400
500
550
Main reactor temperature (°C)
600
1.255
1.168
Air flowrate (1/min) at 25°C
l.093
1.026
0.967
0.2636
0.2453
0.2155
O2 flowrate (1/min) at 25°C
0.2295
0.2031
Actual moles of O 2 (mol/min) a
0.01078 0.01004 0.00939 0.00882 0.00831
System I: Polystyrene / Air
Polystyrene feed rate (g/min) b
0.00754 0.00719 0.00692 0.00743 0.00747
Ideal moles of O2 (mol/min) c
0.00072 0.00069 0.00066 0.00072 0.00072
Excess air ratio
14.89
14.53
14.13
12.27
11.58
0.07
0.07
0.08
0.09
td
System II: Polystyrene / NaCl (5 % of Cl) / Air
Polystyrene feed rate (g/min)
0.00692 0.00676 0.00677 0.00687 0.00750
Ideal moles of O2 (mol/min)
0.00066 0.00065 0.00065 0.00066 0.00072
Excess air ratio
16.23
15.46
14.43
13.37
11.54
0.06
0.06
0.07
0.07
0.09
(I)
a
b

650
0.915
0.1922
0.00786

675
0.891
0.1871
0.00765

700
0.868
0.1823
0.00746

750
0.826
0.1735
0.00709

0.00813
0.00078
10.08
0.10

0.00831
0.00080
9.59
0.10

0.00788
0.00076
9.86
0.10

0.00847
0.00081
8.72
0.11

0.00773
0.00074
10.59
0.09

0.00619 0.00790
0.00060 0.00076
12.87
9.83
0.08
0.10

0.00761
0.00073
9.70
0.10

Actual moles of oxygen (mol/min) in air are calculated at 400°C and 1 atm.
Polystyrene feed rate (g/min) is calculated from the production of vapor rate at 400°C volatilization oven.
Ideal moles of oxygen (mol/min) for polystyrene are calculated for stoichiometric conditions at 400°C.
Fuel equivalence ratio (4)) = Ideal moles of oxygen (mol/min) / Actual moles of oxygen (mol/min)

Polystyrene feed rate (g/min)
Ideal moles of O2 (mol/min)
Excess air ratio
4)

700
0.868
0.778
0.090
0.0189
0.000773

600
500
400
0.967
1.093
1.255
0.877
1.165
1.003
0.090
0.090
0.090
0.0189
0.0189
0.0189
0.000773 0.000773 0.000773
System III: Polystyrene / Synthetic Air
0.006428 0.006597 0.006615
0.000617 0.000633 0.000635

0.006593
0.000633

0.006593
0.000633
1.22
0.82

0.006490
0.000623
1.24
0.81

0.006757
0.000649
1.19
0.84

0.006725
0.000646
1.20
0.84

0.006735
0.000647
1.20
0.84

0.006320
0.000607
1.27
0.79

Total gas flowrate (l/min) at 25°C = N2 flowrate (l/min) at 25°C + Air flowrate (l/min) at 25°C.
b Actual moles of oxygen (mol/min) in synthetic air are calculated at 400°C and 1 atm.
c Polystyrene feed rate (g/min) is calculated from the production of vapor rate at 400°C volatilization oven.
d Ideal moles of oxygen (mol/min) for polystyrene are calculated for stoichiometric conditions at 400°C.
e Fuel equivalence ratio (4)) = Ideal moles of oxygen (mol/min) / Actual moles of oxygen (mol/min)
a
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sets at each main reactor temperature are listed in Tables 3.4a and 3.4h. The fuel
equivalence ratio, 4, is calculated under stoichiometric conditions for the overall reaction:
C8H8 + 10O2 --> 8CO2 + 4H20
The fuel equivalence ratio for a given run is taken as a ratio of stoichiometric moles of
oxygen for polystyrene fuel to actual mole of oxygen supplied. Two fuel equivalence
ratios are investigated for polystyrene combustion, 4) = — 0.1 and 0 = — 0.8. 0 = — 0.1
means polystyrene combustion is performed under highly fuel lean condition with an
excess air relative to 4) = — 1.0, stoichiometric condition. Another fuel lean experiment is
carried out at 4) = — 0.8, which is similar to conditions in municipal solid waste
incineration.
4) for the high fuel lean conditions is actually in the range from 0.06 to 0.11; It is
termed 4) = — 0.1 for two systems I and II. The variation is due to the air flow decrease
with increase of temperature in the main reactor, that is needed to keep constant residence
time, 2.0 seconds. Polystyrene feedrate is calculated as production rate of gas vapor under
steady state conditions as determined by continuous and CO/CO2 monitoring. At the
equivalence ratios of 4) = — 0.1 and assuming complete reaction, the mole percentage of
oxygen in inlet air decreases from 21 % to a value between 19.22 % and 20.30 % in the
reactor effluent.
4) for the mild fuel lean conditions with 4) = — 0.8 is between 0.80 to 0.84, as seen in
Table 3.4b. In order to keep 4) = — 0.8 and 2.0 sec residence time, the air flowrate is fixed
over the entire temperature range of the main reactor while the nitrogen flowrate
decreases with increase in temperature. Polystyrene feed under fixed air flowrate are set
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low to obtain steady state volatilization and reaction, and 4 = — 0.8. The change of oxygen
in the synthetic air carrier gas is small. Oxygen concentrations are in the range from 1.51
% at 400°C to 2.29 % at 750°C in inlet synthetic air.

3.3.1.3 Monitoring of Steady State Operation: Steady state operation is monitored by
third GC (Varian 3700) that operates without a column at a constant temperature of
250°C and measures total hydrocarbons. Figure 3.3a shows a typical total hydrocarbon
signal from this GC/FID against time for the approximate 30 minutes duration of an
experimental run with polystyrene. This verifies continuous and constant pyrolysis and
oxidation of polystyrene at 400°C volatilization oven and is critical to insuring uniform
and continuous operation. Figure 3.3b also illustrates achievements of good steady state
operation that is illustrated in the plot of final combustion product, CO2, at 800°C main
reactor, 400°C volatilization oven, and = 0.1 in Polystyrene / Air System (System I).
These steady states are monitored analysis of gas products through the whole temperature
range of the main reactor. These results are further supported by the graph of each
product with good reproducibility (low error deviation in carbon mole %).

3.3.2 Product Distribution
Polystyrene is an non-oxygenated vinyl-phenyl polymer with monomer formula (C8H8)n.
52 degradation species are positively identified by GC and GC/MS analysis; data are
presented in Table 3.2. Most products show structures related to the aromatic monomer,
dimer, and trimer of styrene. They can be classified into 5 groups of initial gas products
and their structures are presented in Figure 3.4:
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(1) CO and CO2 as final combustion products.
(2) Light species (C1 - C4) such as methane, ethene, acetaldehyde, acrolein, and acetone.
(3) Major styrene species such as styrene, styrene dimer, and styrene trimer.
(4) Aromatic species (C6 - C24) such as benzene, toluene, α-methylstyrene, 1,1'-(1,3propanediyl)bis-benzene, (E)-stilbene, 1,1'-(l-buten-1,4-diyl)bis-(Z)-benzene, 1,1'(l,2-ethanediyl)bis-4-methylbenzene, and quaterphenyl.
(5) Oxygenated aromatics (C7 - C16) such as benzaldehyde, benzofuran,
l,3-benzo-dioxole, 2,3 -dihydro- 1 H-indene- 1 -one, and 1 ,3 -diphenyl -(E)-2-propen- 1 -one.

3.3.2.1 System I: Polystyrene / Air (4) = — 0.1): Initial gas products classified in 5
groups are abundant in Polystyrene / Air (4) — 0.l). Initial primary products at 400°C in
System I are predominantly styrene - monomer, dimer, trimer, and benzaldehyde. Minor
initial products at 400°C are CO2, benzene, toluene, ethylbenzene, α-methylstyrene,
benzeneacetaldehyde, indene, 1 -phenyl-l ,2-propanedione, 2,3-dihydro- 1 H-inden- 1 -one,
3 -phenyl-2-propen- 1 -01, 1 ,1 ' -diphenylethylene, α-methyl-(E)-stilbene, 4-ethenyl-1 , 1 ' biphenyl, 1,1'-(1,3-propanediyl)bis-benzene, (E)-stilbene, 1-methyl-2-(2-phenylethenyl)benzene, anthracene, 1,4-diphenyl-1,3-butadiene, 1,1'-(1-buten-1,4-diyl)bis-(Z)-benzene,
1,1 '-( 1 ,2-ethanediyl)bis-4-methy-benzene, 4b,5 ,6, 10b, 1 1 , 1 2-hexahydrochrysene(cis), 2phenylnaphthalene, 1,3 -diphenyl-(E)-2-propen- 1-one, 1 -(4-methylphenyl)-3 -phenyl-2 propen- 1 -one, trans-1,2-dibenzoylethylene, and quaterphenyl. Secondary products such as
phenylethyne, benzofuran, 1,3-benzodioxole, naphthalene, and biphenyl result from
oxidation and pyrolysis of initial products in the main reactor zone. These species are
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relatively low in concentration at 400°C, where they are detected by GC/MS analysis
only, but their concentrations increase with increasing main reactor temperature.
Chromatograms from the three on-line GCs are made into a composite and product
peaks are numbered up to 52, as seen in Figure 3.5. The three chromatograms indicate
CO and CO2 (Carbosphere column), light hydrocarbons from C 1 to C4 (Super Q column),
and heavy aromatic products (DB-1 capillary column) versus different temperatures of the
main reactor. Figure 3.6 shows GC chromatographic data for different main reactor
temperatures of 400, 450, 500, 550, 600, 650, 675, 700, and 750°C, at 2.0 sec residence
time. The trends show a clear increase in conversion of high molecular weight
intermediates to lower molecular weight products (similar to results found for cellulose)
as the main reactor temperature is increased. The change in distribution of product
concentrations with temperature is dramatic, and demonstrates that the aromatic products
formed in the thermal oxidation of polystyrene can be degraded under fuel lean conditions
at temperatures of 700°C and 750°C.
Polystyryl radical is formed by chain-end and random ß-scission (elimination
reactions) at weak bonds (adjacent to radical sites) in the polymer chain, as reported by
several researchers [106-113]. Styrene is produced from ß-scission of chain-end
polystyryl radical in propagation reactions. Dimer, trimer, and oligomers of styrene result
from intra-molecular hydrogen transfers and ß-scission reactions. Relative concentrations
observed in initial vapor phase products are: monomer > trimer > benzaldehyde > dimer
at 400°C, as shown quantitatively in Figure 3.10a (without NaCl). These data are
consistent with trends reported by previous researchers [81-83]. Maximum product yields
for styrene (46.40 %) and benzaldehyde (11.89 %) are observed at 550°C. The maxima
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for styrene trimer (17.51 %) and dimer (4.27 %) is occurred at 400°C. These major
volatilization products of polystyrene are reduced to levels of 0.03 % at 600°C for the
trimer, while at 675°C styrene monomer is 0.96 % and the dimer is 0.15 %.
Heavier PAHs over
products between

C6

C24,

quaterphenyl are not positively identified. Prominent

and C24 in Figures 3.10b to 3.10e (without NaCI) are: quaterphenyl,

1,3-diphenyl-2-propen-1-one, stilbene, and 1-methyl-2-(2-phenylethnyl)-benzene are
present in the temperature range from 400 to 600°C. These species are below detection
limits by 650°C. Benzofuran persists at 675°C, along with naphthalene, 1,1-diphenylethylene, and 2-phenylnaphthalene; these species survive through 675°C, but only at
barely detectable levels. 2,3-Dihydro-1H-indene-1 -one is an oxygenated species that
appears in relatively high levels at low temperatures, then decreases in intensity at 650°C.
Benzene and ethene follow patterns shown in Figures 3.10f and 3.10g. Maximum
benzene levels of 5.71 % occur at 650°C with

C2 - C4 compounds

showing similar results,

while ethene is 2.24 % at 675°C. Benzene level decreased rapidly above 650°C and is
below detection limits at 700°C and above. a-Methylstyrene is also a major nonoxygenated species formed by intramolecular hydrogen transfer and then a 13 scission.
Carbon mass balance data for system 1, shown in Table 3.6a, at 650°C is 88.59 % and
decreases to 85.95 % at 675°C, which is an important temperature for polystyrene
oxidation in this study. At this temperature, levels of more common and low molecular
PAHs, such as indene, naphthalene, biphenyl, benzofuran, and anthracene, are
diminished, i.e. present only in very low concentration. High molecular weight PAHs
with fused ring structures are not observed above 675°C.

79
Carbon monoxide and carbon dioxide yields are plotted versus main reactor
temperature for polystyrene in Figure 3.10h. CO and CO 2 yields are low for reactor
temperatures up to 650°C. This is a consequence of higher stability in the polystyrene
volatilization products due to conjugation in the molecules and the absence of oxygen in
the rings and side chains. Complete conversion of CO to CO2 occurs at a temperature of
750°C for polystyrene.
Total product yields versus main reactor temperature for the 5 groups classified are
illustrated in Figure 3.10i. Styrenes keep their concentration up to 500°C and slowly
decrease to from intermediates. Aromatic species (C 6 - C24) and oxygenated aromatics (C 7
- C 16 ), which are intermediates in polystyrene oxidation, increase their concentration up
to 550°C and then decrease. Oxygenated species, which might effect rapid decomposition
of polystyrene, are produced at higher levels than aromatic species between 400°C to
600°C but aromatic species exist at higher levels than oxygenated species at 650°C and
675°C. Breakdown of the benzene ring at 650°C might favor increases in concentration of
light species (C1 - C4) and increase concentration of CO and CO2 from about 20 % to 50

3.3.2.2 System H: Polystyrene I NaCl (5 % of Cl) I Air (4) =

—

0.1): Polystyrene

oxidation in the presence of NaCI is studied to investigate the effect of NaCI on
distribution and fate of gas products. System II is operated under the same conditions as
System I (Polystyrene / Air System). Figure 3.6 illustrates gas phase products from GC
analysis, which show the distribution and decay of intermediates. All initial products
found in System I also appear in this system. Order in concentration of styrenes is
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monomer > trimer > benzaldehyde > dimer at 400°C, as seen in Figure 3.10a (with NaCl).
These major styrenes in the presence of NaCl (5 % of CO are produced in similar
distributions to those as observed in System I. Maximum concentrations for styrene
{45.78 %) and benzaldehyde {13.29 %) occurs at 550°C while styrene trimer (15.92 %)
and dimer (3.95 %) are highest at 400°C and 450°C, respectively. Trimer decreases to
0.28 % at 550°C, dimer decomposes to 0.63 % at 650°C, and 0.43 % styrene remains at
675°C.
Minor initial products in this system are plotted in Figures 3.10b to 3.10h (with
NaCl). Minor products that exist in a trace level up to 675°C except C 1 - C4 are: benzene,
toluene, ethylbenzene, benzofuran, 1,3-benzodioxole, 1,1'-diphenylethylene,
ethanediyObis-4-methylbenzene, 2-phenylnaphthalene. Minor products that are
completely decomposed at 675°C are: phenylethyne, α-methylstyrene, benzeneacetaldehyde, indene, I -phenylparadione, benzoic acid, naphthalene, biphenyl, 4-ethenyl1,1'-biphenyl, 1,1'-(1,3-propanediyl)bis-benzene, (E)-stilbene, anthracene, trans-1,2
dibenzoylethylene, and quaterphenyl. Secondary products are not discovered at low
temperatures: phenylethyne, benzofuran, 1-methylenepropylbenzene, naphthalene, 1,3benzodioxole, and biphenyl. These species are detected through GC analysis with
increasing main reactor temperature.
There are changes in minor products in the presence of NaCl (System II):
Concentration of 1,3-benzodioxole increases, as seen in Figure 3.10e. Benzoic acid,
which is not observed at low temperatures of the main reactor in System I, shows higher
concentration in System II. However, 2,3-dihydro-1H-indene- 1-one in System II is lower
in concentration at 400°C and 450°C main reactor than that in System I.
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Benzene and ethene in the presence of NaCl are relatively high in concentration at
675°C, as shown in Figures 3.10f and 3.10g. 5.83 % benzene yield at 650°C decreases to
5.29 % at 675°C, while 1.89 % ethene at 650°C increases to 2.75 % at 675°C. Both
species decrease rapidly at 700°C. At 725°C and 750°C, all gas products completely
decompose into CO, H2O, and CO2 in the presence of NaCl. 0.2 % CO still remains and
near complete combustion is approached at 750°C (94 % carbon mass balance), as seen in
Figure 3.10h.
Total product yields in the presence of NaCl are shown in Figure 3.10j. Major
products, styrenes, slowly decrease to intermediates, aromatic species (C6 - C24) and
oxygenated aromatics (C7 - C16), up to 600°C. Concentrations of these intermediates, in
carbon mole %, increase to 550°C but light species (C 1 - C4) increase up to 650°C, at
which temperature starts to occur conversion into high concentration of CO and CO2.

3.3.2.3 System III: Polystyrene / Synthetic Air (4) = — 0.8): At c = — 0.8 and 400°C
volatilization oven temperature, distribution and conversion of initial products are
illustrated as the main reactor temperature increases from 400°C to 500°C, 600°C, 700°C,
725°C, and 750°C. Residence time is held at 2 seconds. Figure 3.8 is a composite
chromatogram plot from three different columns (Carbosphere column, Super-Q column,
and DB-1 capillary column) at different main reactor temperatures. Major initial products
plotted at 400°C are very low in abundance, with the exception of styrenes. Major
intermediates, CO, CO2, and light species increase in GC intensity with increase of the
main reactor temperature. The composite GC chromatogram illustrates that these initial
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products are completely converted into CO and CO2 at 4) = — 0.8 and 750°C, a final
temperature that approaches complete combustion at = — 0.1 with and without NaCl.
The main difference in product distribution at 4) = — 0.8 is observed as higher
concentrations of styrenes such as monomer, dimer, and trimer. They account for 77.09 %
of 79.88 % carbon mass balance calculated at 400°C, as shown in Table 3.5c. These
styrenes and oligomers at 4) = 0.8 are produced in high concentration due to lower
availability of oxygen in the volatilization oven than at 4) = — 0.1. Order of major initial
products in concentration is monomer > trimer > dimer > benzaldehyde at 400°C, as seen
in Figure 3.11a (without NaCI). The 59.14 % styrene at 500°C decreases to 0.87 % at
725°C. A major oxygenated product, benzaldehyde, is produced in a trace level at 400°C;
it increases to 5.56 % at 600°C, and then decomposes to reach 0.29 % at 725°C. Styrene
trimer 17.57 % and styrene dimer 7.92 % are at 400°C and these species are not observed
at 700°C and 725°C, respectively.
Minor initial products at 4) = — 0.8 and 400°C are mostly non-oxygenated species:
toluene, α-methylstyrene, 1,1'-diphenylethylene, 1,1'-(1,3-propanediyl)bis-benzene, 1,4diphenyl-1,3-butadiene, 1,1'-(1-buten-1,4-diyl)bis-(Z)-benzene, and quaterphenyl except
1-(4-methylphenyl)-3-phenyl-2-propen-l-one. Complete decomposition of these minor
products is shifted to higher temperature, 725°C or 750°C, at 4) = — 0.8 relative to 650°C
or 675°C at 4) = — 0.1. Minor products that resist decomposition at 725°C are nonoxygenated species: benzene, toluene, ethylbenzene, indene, naphthalene, biphenyl, 1,1'diphenyl-ethylene, anthracene, and 1,1'-(1,2-ethanediyl)bis-4-methylbenzene.
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Most minor species observed at (1) = 0.8 are present in lower concentration than at 0)
= — 0.1, as seen in Figures 3.11b to 3.11g. Ethene, benzene, toluene, and benzofuran show
higher concentrations at 4) 0.8 in this study; they are reported as representative
products from polystyrene pyrolysis by Ide et al. and Carniti et al. [82, 87]. Benzofuran
and benzene show maximum yield of 3.86 % and 10.15 % at 700°C and then decrease to
1.23 % and 9.09 % at 725°C, respectively. However, 4.66 % ethene yield at 700°C
increases to a maximum of 5.51 % at 725°C. All gas products that survive at 725°C are
completely decomposed into 97.11 % CO2 and 0.71 % CO at 750°C main reactor
temperature. CO2 is at relatively low level in comparison with high production of CO
until 725°C. CO is rapidly oxidized into CO2 at 750°C. Complete combustion is
approached at 750°C with a mass balance of 97.82 %, as seen in Figure 3.11h.
Figure 3.11i illustrates the fate and distribution of gas products, which are classified
into 5 groups. Styrenes at (I) = — 0.8 show high concentration in the low temperature
range. These major product styrenes break down into aromatic species (C 6 - C24) that are
observed at higher levels than the oxygenated aromatics (C7 - C16). It is interesting that
aromatic species (C6 - C24) survive in high concentration at 725°C along with low
molecular weight species (C1 - C4). Complete combustion is achieved at 750°C in this
relatively lower oxygen content system.

3.3.2.4 System IV: Polystyrene / NaCl (5 % of C1) / Synthetic Air (4) = — 0.8): Initial
products from polystyrene combustion at (1) = 0.8 containing NaCl show similar fate and
distribution relative to 4 = — 0.8 without NaCl (System III), as observed in the illustrated
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gas products from GC chromatograms of the gaseous products (Figure 3.9). Yields of gas
products in this system are presented in Figures 3.1la to 3.11j (with NaCl). The over-all
observation, in this NaCl containing system is that major initial products (styrenes) and
minor products show very similar results with System III. Mineralization of initial
polymer fragments into CO2 is complete at 750°C, which is the same temperature as the
three other systems of this study.

3.3.3 Mass Balance (Carbon mole %) for Gas Products
Mass balance data for each identified species are collected at each main reactor
temperature setting. The mass balance data for all identified species are summarized in
Tables 3.5a to 3.5d. These tables show the carbon mass of each species exiting the reactor
relative to the mass of polystyrene polymer plus oxygen entering, where the areas of
peaks on the GC output indicate mass for a given species via moles of carbon.
All four systems show that styrenes are major products in polystyrene oxidation.
These styrene species (monomer, dimer, and trimer) account for major fraction of mass
balance, 74.31 % to 81.13 %, at 400°C. These styrenes appear higher in yield at (1) = — 0.8
than at (1) = — 0.1. Styrenes decompose and convert to low molecular species with increase
of the main reactor temperature and mass balance also increases at higher temperatures.
Mass balance in the four systems improves 25 % to 9 % with increase of the temperature
from 400°C to 500°C. These low mass balances at low temperatures might originate from
oligomer styrenes and highly condensed species (over C24 aromatics) that are not detected
in this study; these species are reported by Brauman et al. and Shapi and Hesso [81, 84].
These highly condensed species break down into low molecular, volatile products that

Table 3.5a Mass Balance (Carbon mass %) in System I: Polystyrene / Air (4) =
No.
1
2
3
4
5
6
7
8
9O
10
11 8
12
13
14
15
16

0.14
0.29
0.10

0.22
0.29
0.11

36.80
5.28

36.46
6.28

0.47

0.70

0.09
0.13

0.19
0.16
0.26

0.1)
Main reactor temperature (°C)
500
550
600
675
650
2.15
6.00
12.82 34.49
55.17
6.44
8.44
19.41
9.74
14.92
0.02
0.03
0.05
0.23
0.43
0.66
0.03
0.26
1.91
2.24
0.16
0.06
0.05
0.06
0.17
0.27
0.34
0.14
0.01
0.09
0.13
0.01
0.19
0.59
1.03
1.13
0.34
0.05
0.12
0.16
0.04
2.77
0.59
1.49
5.71
4.59
1.00
0.89
0.28
0.43
0.65
0.22
0.12
0.15
0.23
0.05
0.04
0.08
0.11
0.07
44.49 46.40 37.48
14.31
0.96
8.85
11.89
11.81
6.17
0.57
1.75
1.31
1.44
0.30
0.14
0.41
0.79
1.32
0.89
0.60
0.83
0.95
1.33
0.18
0.19
0.13
0.13
0.45
0.29
0.20
0.07

0.21

0.29

0.46

0.54

0.64

1.44

1.71

2.03

1.84

L32

0.52
0.58
0.08

0.31

0.48

0.64

0.42

400

Products
CO
CO 2
Methane, CH4
Ethene, C2H4
Propene, C 3 H6
Acetaldehyde, C2H4O
Butene, C4H
Acrolein, C 3 H4 O
H C3
Acetone,
Benzene, C6H6
Toluene,
H C7
Ethylbenzene,
Phenylethyne, C 8 H6
Styrene, C 8 H8
Benzaldehyde, C7H6O

2.66
0.02

450
0.56
3.78
0.03

0.01

8

6

0.02

17
18
19

a-Methylstyrene, C91 110
Benzofuran, C 8 H1 0
1,3-Benzodioxole, C 7 H6 O
Benzeneacetaldehyde, C 8 H 8 0

20
21
22
23
24
25
26
27

Indene, C9H10
3-Butenylbenzene, C10H12
1-Phenyl-1,2-propanedione, C 9 1-1 8 O 2
1-Methylenepropylbenzene, C101 112
2,3-Dihydro-1H-inden-l-one, C 9 H 8 O
Benzoic acid, C71 1602
Naphthalene, C10H8
2-Methylbenzofuran, C 9H8O

-

-

-

0.07

700
47.30
40.98
0.04

750
93.73

Table 3.5a (Continued)

Table 3.5b Mass Balance Carbon mass %) in S stem II: Pol s rene / NaCl (5 % of CI / Air
No.
I
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Products
CO
CO 2
Methane, CH 4
Ethene, C 2 H4
Propene, C 3 H6
Acetaldehyde, C 2 H4 O
Butene, C 4 H 8
Acrolein, C 3 H 4 O
Acetone, C3H6O
Benzene, C6H6
Toluene, C7H8
Ethylbenzene, C 8 1-1 10
Phenylethyne, C 8 H6
Styrene, C8H8
Benzaldehyde, C 7 H6O
a-Methylstyrene, C 9 H 10
Benzofuran, C 8 H 10 O
1,3-Benzodioxole, C7H6O
Benzeneacetaldehyde, C 8 H 8 O
Indene, C9H10
3-Butenylbenzene, C 10 H 12
1-Phenyl-1,2-propanedione, C9118O2
1-Methylenepropylbenzene, C 10 H 12
2,3-Dihydro-1H-inden-1-one, C9H8O
Benzoic acid, C7H6O2
Naphthalene, C 10H8
2-Methylbenzofuran, C 9 H 8 O

0.15
0.24
0.09

0.24
0.25
0.10

36.00
5.58
0.50

36.98
6.51
0.64

0.06
0.08

0.16
0.14

=-0.1
Main reactor temperature (°C)
675
550
600
650
500
53.60
6.66
14.22 35.18
2.26
15.90 23.42
8.62
10.67
5.59
0.64
0.22
0.03
0.06
0.02
2.75
1.89
0.69
0.02
0.30
0.02
0.14
0.07
0.01
0.13
0.33
0.18
0.26
0.07
0.08
0.12
0.06
0.01
0.27
1.14
1.02
0.18
0.65
0.02
0.17
0.04
0.13
5.83
5.29
3.13
0.69
1.65
0.88
0.99
0.22
0.37
0.61
0.23
0.06
0.15
0.22
0.10
0.14
0.08
0.08
14.61
0.43
43.46 45.78 36.83
6.09
9.58
13.29
12.83
0.26
1.28
1.79
1.41
0.32
0.33
0.78
1.11
1.45
0.30
0.91
1.28
1.42
0.97
0.33
0.37
0.27
0.22
0.08
0.30
0.27
0.15
0.07

0.14

0.16

0.35

0.30
0.78

0.92
0.62

1.49
0.50
0.26

400
3.15
0.01

450
0.57
3.52
0.02

0.01
0.02

0.48
0.15
1.82
0.41
0.45

0.56
0.16
1.17
0.21
0.56

0.47

0.07
0.45

700
47.51
42.06
0.02

750
0.21
93.87

Table 3.5b (Continued)

Table 3.5c Mass Balance (Carbon mass %) in System HI: Polystyrene / Synthetic Air (4) =~ - 0.8)
Main reactor temperature (°C)
725
700
600
500
400
Products
No.
65.86
44.42
5.96
CO
1
12.46
10.32
2.65
CO2
2
1.03
0.02
0.58
Methane, CH 4
3
5.51
4.66
0.29
0.03
Ethene, C 2 114
4
0.09
0.16
0.02
5
Propene, C31 16
0.05
0.13
0.05
Acetaldehyde, C 2 144 0
6
0.16
0.34
0.06
7
Butene, C4H8
0.17
0.70
0.53
0.06
Acrolein, C 3 H4 O
8
0.07
0.01
Acetone, C3 H6O
9
9.09
10.15
1.92
0.19
0.01
10
Benzene, C61 16
0.50
1.81
1.25
0.70
0.60
H
8
7
Toluene,
C
11
0.14
0.73
0.50
0.04
0.02
Ethylbenzene, C8H10
12
0.10
0.07
Phenylethyne, C 8 H6
13
11.09
54.87
0.87
59.14
51.60
Styrene, C 8 H 8
14
019
2.85
5.56
1.10
0.02
Benzaldehyde, C 7H6O
15
2.12
0.20
0.21
0.82
16
a-Methylstyrene, C91410
3.86
1.23
0.01
2.09
Benzofuran, C 8 H 10 O
17
0.09
1,3-Benzodioxole, C 7 116 O
18
0.61
0.01
0.05
Benzeneacetaldehyde, C8H 8O
19
0.01
0.17
0.35
0.45
Indene, C9H10
20
0.01
0.06
3-Butenylbenzene, C10H12
21
0.20
0.13
1-Phenyl-1,2-propanedione, C41802
22
0.01
0.35
0.30
1-Methylenepropylbenzene, C10H12
23
0.86
0.01
0.01
2,3-Dihydro-1 H-inden-1-one, C 9H8O
24
0.01
0.15
0.18
0.02
Benzoic acid, C7H6O2
25
0.21
0.43
0.19
Naphthalene, C101 18
26
2-Meth ylbenzofuran, C 9 H 8 O
27
-

-

-

750
0.71
97.11

Table 3.5c (Continued)

Table 3.5d Mass Balance (Carbon mass %) in System IV: Polystyrene / NaCI (5 % of Cl) / Synthetic Air (ø=~ 0.8)

Table 3.5d (Continued)
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can be detected by GC at higher temperatures. Mass balance data increases to 95 % or 97
% at 550°C at 0 = — 0.1. 88 % Mass balance is observed at 600°C and 0 = — 0.8 due to
slow oxidation in the main reactor.

3.3.4 Char Formation
A continuous feed of polystyrene (ca 220 mg) with a constant drive rod speed (4.47
mm/min) is fed into the volatilization oven, where it fragments and vaporized under
steady states at a temperature of 400°C. A small part of the sample that is exposed to the
high temperatures of the volatilization oven does not vaporize but remains in the feed
boat as char. The residual char in the sample boat at the end of each run is then separately
measured in the runs with absence and presence of 8.24 % NaCl at two fuel equivalence
ratios, 0 = — 0.1 and 0 — 0.8. Mass % of char is determined from the amount of char in
the boat and total mass of vapor produced. Experimental conditions for the four systems
are described in detail in the experimental section 3.2.
Chars produced at 0 = — 0.1 are 0.89 ± 0.23 % for System I and 9.23 ± 0.71 % for
System II, while chars at 4 = — 0.8 are 0.92 ± 0.42 % for System III and 9.81 ± 0.79 % for
System IV. Vapors produced at 4 = — 0.1 are 52.61 % for System I and 48.93 % for
System II, while vapors at (1) = 0.8 are 6244 % for System III and 57.43 % for System
IV. Experimental conditions for the two fuel equivalence ratios are different; the polymer
feed boat begins with it front end at 2 inches position of the volatilization oven (360°C)
for 0 = — 0.1 with total 15 min run time while it begins from 2.5 inches position (400°C)
for 0 = — 0.8 with 20 min feed time. The volatilization of polystyrene is under steady state
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even though operating conditions are different. About 1 % of char from oxidation of pure
polystyrene is produced at both (Vs without NaCl. Char residue from polystyrene
volatilization containing NaCl is about 10 % but chlorine content in the char was not
analyzed due to the difficulty of sample preparation. Most of NaCl might be left in the
char due to relatively low temperature, 400°C volatilization oven, and low affinity
between NaCl and polystyrene, as reported by Kanters et al. [44]. The NaCl mass
represents 8.24 % mass and would therefore account for a majority of 10 % char mass.

3.3.5 Conversion Efficiency (CE)

The conversion efficiency (CE) is defined by the following equation:
Conversion Efficiency CE (%) = 100 x CO2 / (Total gas products)
Where the CO 2 and the total hydrocarbon products are expressed as carbon mole fraction
(or mole %) in the gas stream. The conversion efficiency explains the extent of complete
mineralization and oxidation of intermediates and products of incomplete combustion
(PICs) [1].
Figure 3.12 illustrates conversion efficiencies of the four systems over the
temperature range, 400°C to 750°C of the main reactor. Pyrolytic reactions seem to occur
between 400°C and 600°C main reactor temperature as determined by high production of
aromatic gas products. These aromatic species begin to decrease in levels at 675°C for (I)
= — 0.1 and at 725°C for (I) = — 0.8. Complete conversion is achieved at 750°C with
complete destruction of initial products for both (I) = — 0.1 and (I) = 0.8.
At (j) = — 0.1, the conversion of gas products to CO2 shows low efficiencies below 20
% to 650°C in both systems I and II. CO starts to oxidize to CO2 at 700°C and CO levels
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increase rapidly at 675°C, as seen in Figure 3.10h. The conversion efficiencies increase
rapidly at 700°C and 750°C. There is no significant difference in conversion efficiencies
between Polystyrene / Air (System I) and Polystyrene / NaCl (5 % of Cl) / Air (System II)
over the whole temperature range of the main reactor.
Over 99 % conversion efficiencies are achieved at 750°C and 4) = — 0.8 where the
main reactor exit has low 02 concentration (~ 2.29 %) relative to high O2 concentration
(21 %) at 4) = — 0.1. The conversion efficiencies at

4) = 0.8 are relatively low in level

below 14 % at 725°C; but they increase rapidly to 99 % at 750°C.

3.3.6 Influence of Temperature
On polystyrene decomposition under fuel-lean conditions and 2.0 sec reaction time, the
overall effect of increasing temperature from 400°C to 750°C in the main reactor with
other parameters fixed is to reduce high molecular weight intermediates (PAHs). An
initial increase in levels of lower molecular weight products is observed with small
increases (50°C) in temperature, followed by rapid conversion to CO2 and H20 as the
temperature of complete combustion is approached in all four systems.
Complete combustion for polystyrene is investigated at higher temperatures of the
main reactor of 800°C and 850°C, which are related to conditions for combustion control
of organic emissions from municipal waste incinerators. Figure 3.13 shows that complete
combustion is approached at the main reactor temperature, 800 and 850°C. Mass balance
is 96.39 % at 800°C and 97.46 % at 850°C without CO and other organic emissions.
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3.3.7 Meeker Burner Flame Experiments of Polystyrene Volatilization
The temperature of volatilization oven is fixed at 400°C for volatilization of initial gas
fragments in four systems. A separate study is performed to investigate influence of high
temperature against production of char from polystyrene combustion in the presence of
salts. A Meeker burner is employed for high temperature (flame) combustion of
polystyrene instead of the volatilization oven of the quartz tube reactor. Flame
temperatures from a meeker burner (ID 1 inch) are measured at different flame heights:
900°C at 1 inch and 1150°C at 3 inches from the upper surface of burner. The following
conditions are set: length for loading polystyrene sample (ca 680 mg) into the boat is by 4
inches of 8 inches total boat length. Polystyrene samples are fed via syringe pump drive at
a rod speed of 12.10 mm/min for 10.50 minutes (distance 127 mm) or 5.98 mm/min for
21.25 minutes (distance 127 mm). Polystyrene samples with NaCI are prepared by adding
and mixing salt in H2O solution (8.24 % of NaCI, 10.51 % of KCI, and 7.83 % of CaCl2,
each salt has 5 % of Cl by mass); the mix is then dried at 105°C in an oven for 3 hours.
The polystyrene sample is fed into the burner flame at different rod speeds and flame
heights. Char (ash) remaining in the boat after reaction is weighed and dissolved in 20 ml
of water and 0.4 ml of 5-mol NaNO3 as an ion strength adjuster for chlorine analysis.
Chlorine analysis is conducted by ion analyzer (Orion research, Model 407A) with Cl
electrode (Model 94-17B) and reference electrode (Model 90-02), which has the inner
chamber filled with saturated AgCl solution and outer chamber filled with 10 % of KNO3
solution. Chlorine content in the char is calculated directly from a calibration curve,
which is made from different concentrations of NaCI standard solution.

97
Table 3.6 Char Formation (wt %) in the High Temperature Combustion of Polystyrene
Rod speed: 12.10 min/min
Rod speed: 5.98 mm/min
Sample
900°C
1150°C
900°C
1150°C
PS
0.00
0.00
0.00
0.00
PS with NaCl
8.59a (95.27) b
7.62 (90.11)
8.60 (94.77)
6.01 (72.13)
PS with KCl
10.70 (90.30)
8.74 (86.62)
10.45 (86.75)
7.28 (62.85)
PS with CaCl2
6.78 (72.42)
6.46 (61.98)
6.01 (63.43)
5.90 (48.80)
a Char content (wt %) remained in the polymer feed boat after feed.
b
Chlorine (recovery % over 5 % of feed chlorine) remained in the char.
-

Results in Table 3.6 illustrate percentages of char and chlorine residue in char at the
two high temperatures and rod speeds. The char produced in the combustion of
polystyrene containing 8.24 % NaCl is 8.6 % at 900°C and 95 % of the feed chlorine
remains in the char. Most of the chlorine remains in the solid char and resists reaction and
vaporization even at 900°C flame conditions. Char produced at 1150°C higher
temperature decreases to 7.62 % at 12.10 mm/min and 6.01 % at 5.98 mm/min, lower rod
speed. Chlorine content remaining in the char decreases to 90.11 % at 12.10 mm/min or
72.13 % at 5.98 mm/min, respectively. Char and chlorine in the char residue from the
combustion of polystyrene in the presence of other salts, KCl and CaCl2, decrease with
high flame temperatures and low rod speed. Among these three salts, chlorine residue
remaining in the char follows the order of NaCl > KCl > CaCl2. Our results show
agreement with Chung et al. that Cl of CaCl2 readily undergoes reaction [96],

3.3.8 Effects of NaCl and (I)
NaCl effects on distribution and fate of gas products in the pyrolysis and oxidation of
polystyrene at two fuel equivalence ratios (4) = - 0.1 and 4 = - 0.8) are investigated. Data
are shown in Figures 3.14a to 3.14d that compare values at 400°C, 500°C, 600°C, and
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700°C in the four different systems. Figures 3.14a to 3.14d show that the distribution of
major products between in the presence and absence of NaCl are similar while they show
clear differences between if = — 0.1 and 4 = 0.8. 400°C Volatilization oven temperature
is evaluated to be too low of a temperature to volatilize Cl from NaCl. Results from
polystyrene combustion using meeker burner at 900°C and 1150°C indicate high stability
of NaCl, as seen in Table 3.6. Semivolatile products at 4) = — 0.8 are less abundant than
those at 4) = — 0.l whereas major styrene species are produced in high levels.
Yields of styrene and styrene dimer are plotted as function of the main reactor
temperature, as seen in Figures 3.15a and 3.15b. Styrene yields are higher at (1) = — 0.8
than at 4 = — 0.l. Styrene at (1) = — 0.8 resists decomposition even at 700°C and 725°C
where it disappears at these temperatures for 4 = — 0.1. At both 4)'s, most of the dimer
decomposes at 600°C. Figures 3.15c and 3.15d illustrate product yield of styrene trimer
and benzaldehyde. Benzaldehyde, a major oxygenated species, is higher in concentration
at 4 = — 0.1 up to 650°C than at 4) = — 0.8. The oxidation reaction at 4) = 0.8 seems to
occur strongly at about 600°C main reactor temperature, as observed in yield distribution
of benzaldehyde.

•

1,3-Diphenyl-2-propen-1 -one and (E)-stilbene show higher concentrations up to
600°C at (1) = — 0.1, as shown in Figures 3.15e and 3.15f. These species at = 0.8 exist
at 700°C due to the shift of temperature needed for complete decomposition. It is of
interest that (E)-stilbene, a non-oxygenated species, shows a higher yield at 4) = — 0.1,
which is in excess oxygen. (E)-Stilbene might be produced by a combination of phenyl
radical and styryl radical, which are formed in the oxidation of polystyrene.
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Four species show relatively high yields at 4) = ~ 0.8: 1,1'-diphenylethylene,
benzofuran, benzene, and toluene, and these are shown in Figures 3.15g to 3.15j. The
temperatures for maximum yield and complete decomposition seem to shift as 4) varies.
Maximum yields of benzofuran, benzene, and toluene are shifted from 650°C at 4) = — 0.1
to 700°C at 4) = ~ 0.8. These four species are the major products in polystyrene pyrolysis;
their complete decomposition changes from 700°C at 4) = — 0.1 to 750°C at 4) = — 0.8.
α-Methylstyrene, shown in Figure 3.15k, shows slightly higher yield at 4) = — 0.1 and low
temperatures, and it's complete decomposition changes from 675°C at = — 0.1 to 725°C
at 4) = — 0.8.
Acrolein shows slightly higher yield between 500°C and 650°C at 4) = — 0.l, as seen
in Figure 3.151. It survives up to 725°C at 4) = — 0.8 while it is decomposed at 700°C at 4)
= ~ 0.1. Two important light species, ethene and methane, show maxima yield at 675°C
at (1) = — 0.1 but at 725°C at 4) = — 0.8, as seen in Figures 3.15m and 3.15n. They
mineralize rapidly from 725°C to 750°C at 4) = — 0.8. They show low yields between
400°C and 600°C at both fuel equivalence ratios.
Cleavage of benzene ring appears to occur above 650°C for 4) = — 0.1 and at 700°C
for 4) = ~ 0.8, as observed from product distribution of aromatic species versus
temperature in Figures 3.15a to 3.15k.
Figure 3.15o shows that a high CO yield exist at 4) = — 0.1 up to 700°C and then it
starts to oxidize. But CO from 4) = — 0.8 shows maximum yield at 725°C. The CO2 yield
at 4) = — 0.1 is always higher than that at 4) = — 0.8 due to higher availability of oxygen in
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the main reactor, as seen in Figures 3.15p. There is no difference over CO and CO2 yield
in the presence of NaCl. Complete combustion of both 4) is achieved at 750°C.
Total light species (C 1 - C4) show slightly higher concentrations at 4) = — 0.1 up to
650°C and then decompose completely by 700°C; but this is the temperature they show
maxima for 4) = — 0.8. Total aromatic species (C6 - C 24 ), shown in Figure 3.15r, have high
yields between 400°C and 600°C at 4) = ~ 0.1. Their maximum yields at 4) = — 0.8 appear
at 700°C and they are abundant even at 725°C. There is clear difference in yield levels of
total oxygenated species (C7 - C 1 6) from 400°C to 600°C when 4 is increased from 4) =
0.1 to 4) = — 0.8. Styrenes (monomer, dimer, and trimer), shown in Figure 3.15t, are
shown to be produced in higher yields at 4) = — 0.8.
There are no NaCl effects on the distribution of gas products from polystyrene
combustion at both fuel equivalence ratios. Product distribution and fate between two fuel
equivalence ratios are however changed versus temperature for production of maximum
yield and complete decomposition of initial products. The temperature is shifted higher
about 50°C at 4) = 0.8 than at 4) = ~ 0.1. We report complete combustion of both 4)'s is
achieved at main reactor temperature of 750°C.

3.3.9 Decomposition Pathways
Weak bonds in polystyrene are important for initiation of free polystyryl radical. Head-tohead or tail-to-tail polystyrene linkages are known as weak links, and a small number of
them might exist in the polymer chain. Polystyrene predominantly has head-to-tail
structure (P) or polymer structure with unsaturated chain-ends (P a ) [72, 95, 107-113].
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3.3.9.1 Initiation: Free polystyryl radicals are formed in initiation reactions which
include: end chain scission (R,„1), random scission (R,,,,2), scission of the tertiary C-H
bond (R.3), and hydrogen abstraction by reaction with O2 (R xn4), as seen in Figure 3.16.
Polystyryl radical from polystyrene with unsaturated chain-end (P a ) is generated by end
chain scission, which is cleavage of C-C bond at ß-position to double bond (allylic
position) and subsequently produces secondary polystyryl radical (R s ) and
α-methylstyrene radical (16). Secondary polystyryl radical (R s ) and primary polystyryl
radical (R p ) are formed by random scission of C-C bond in the polymer chain (P).
Tertiary polystyryl radical (R t ) is formed by scission of C-H bond at a highly substituted
carbon or by hydrogen abstraction of O2. Polystyryl radicals formed in initiation reaction
are primary polystyryl radical (R p ), secondary polystyryl radical (R s ), and tertiary
polystyryl radical (Rt ). These free radicals rapidly undergo ß-scission reaction which lead
to further depolymerization and fragmentation of the polymer chain. This is a weight loss
of the fragmented polymer chain and it continuously produces polymer fragments with
shorter chain plus the major volatile products in the propagation reaction.

Table 3.7 Heat of Formations (Hf 298 )
Hf 298 (Kcal/mol)
Species
43.16
C-(C6H5)C-C-(C6H5)C=C
16.73
C-(C6H5)C-C-(C6H5)C-C
48.83
C-(C6H 5 )C-C-(C6H5)C.-C
26.71
C=C(C6H5)-C
62.81
C=C(C6H5)-C.
0.63
C-(C6H5)C-C
49.63
C-(C6H5)C-C.
6.95
C-(C6H5)C
41.35
C-(C6H5)C.
52.10a
H
3.50 a
HO2
a JANAF Thermochemical Tables 3 rd ed. NSRDS-NBS, 1986, 37.
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Most weak bonds can be identified by bond dissociation energies (BE) on allylic C-C
bond, C-C bond, and C-H bond sites with 2,4-diphenylpentene (C-(C6H 5 )C-C(C6H5)C=C) and 2,4-diphenylpentane (C-(C6H5)C-C-(C6H5)C-C) instead of polystyrene
chain. Bond dissociation energy can be expressed as:
Bond dissociation energy (BE) = AE,„ = E Hf (products) - E Hf (reactants)
Heat of formations (Hf) for stable molecules and radicals are calculated by THERM
computer code, which has been developed by Bozzelli's group [114]. This calculates
thermodynamic parameters of radicals and molecular species based on the methods of
Benson group additivity [115] and calculates properties of radicals based on Bond
Dissociation (BD) groups. BD groups consist of Hf, Sf, and C p (T), which are added to the
corresponding properties of the parent molecular to yield thermodynamic properties of the
radical (parent — H atom). Table 3.7 shows heat of formations for stable molecules and
radicals calculated by THERM.
Bond dissociation energy of an allylic C-C bond can be calculated by:
C-(C6H5)C—C-(C6H5)C=C --> C-(C6H5)C + .C-(C6H5)C=C
BE = ΔHrxn = E Hf (products) - E Hf (reactants) = 41.35 + 62.81 — 43.16 = 61 (Kcal/mol)
Bond dissociation energy of a C-C bond can be calculated by:
C-(C6H5)C-C—(C6H5)C-C —f C-(C6H5)C-C + .C(C6H5)-C
BE = E Hf (products) - E Hf (reactants) = 49.63 + 41.35 —16.73 = 74.25 (Kcal/mol)
Bond dissociation energy of a tertiary C-H bond can be calculated by:
C-(C6H 5 )C-C-(C6H5)C-C —> C-(C 6 H5)C-C-(C6H5)C.-C + H
BE = E Hf (products) - E Hf (reactants) = 48.83 + 52.10 —16.73 = 84.2 (Kcal/mol)
ΔHrxn for hydrogen abstraction by O2 can be calculated by:
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C-(C6H5)C-C-(C6H 5 )C-C + O2 ---> C-(C6H5)C-C-(C6H5)C.-C + H02
ΔHrxn = E Hf (products) - E Hf (reactants) = 48.83 + 3.5 — 16.73 — 0 = 35.6 (Kcal/mol)
Bond dissociation energy for ß-scission can be calculated by:
C-(C6H5)C—C-(C6H5)C.-C --> C-(C6H5)C. + C=C(C6H5)-C
BE = E Hf (products) - E Hf (reactants) = 41.35 + 26.71 — 48.83 = 19.23 (Kcal/mol)
Therefore, the allylic C-C bond has the lowest bond dissociation energy and the C-C bond
is second weakest point in the polystyrene chain. Hydrogen abstraction by 02 might be an
important initiation reaction due to the attack by O2 over the surface of polystyrene in the
boat at 400°C volatilization oven temperature. Free radicals formed in the initiation
reaction will undergo ß-scission with very low ΔHrxn or O2 attack.

3.3.9.2 Propagation Reactions of the Primary Polystyryl Radical (R p ): Propagation
reactions involve the following: ß-scission, intramolecular hydrogen transfer, intermolecular hydrogen transfer, and O2 reaction. Primary polystyryl radicals (R p ) undergo
depolymerization (unzipping) to form styrene by ß-scission (R,,,,4). See Figure 3.17a.
These radicals can generate another secondary polystyryl radical (R 5 ) and α-methylstyrene
(16) by 1,2-intramolecular hydrogen transfer (R„„5) via 13-scission. 1,4-Intramolecular
hydrogen transfer (Rxn 6) is also an important propagation reaction: primary polystyryl
radicals (R p ) form another secondary polystyryl radical (R s ) and 2,4-diphenyl-1-pentene
via 13-scission or a shorter polymer with unsaturated chain-end (P a ) and ethylbenzene
radical (12) via ß-scission. Primary polystyryl radicals (R p ) might propagate a tertiary
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polystyryl radical (R t ) by intermolecular hydrogen transfer (R xn 7) and then breakdown
into shorter chain polymers via ß-scission paths.
Primary polystyryl radicals (Rp) also exothermically react with O2 to form peroxy
radicals as the main reactor temperature increases. The peroxy radicals proceed to the
formation of hydroperoxide polystyryl radicals via intramolecular hydrogen transfers
(Rxn 6 and Rxn7). The decomposition of these hydroperoxides accelerates the weight loss
of polystyrene with further formation of oxygenated species. A hydroperoxide (Xi) that is
formed via 5-member ring cyclization forms α-styryl radical, which reacts with 02 and is
a path to formation of benzene. A hydroperoxide (X2) formed by 1,4-intramolecular
hydrogen transfer (R xn 7) undergoes ß-scission to form α-styryl radical and styrene.
Hydroperoxide (X3) produces styrene with elimination of HO2.

3.3.9.3 Propagation Reactions of the Secondary Polystyryl Radical (R s ): Secondary
polystyryl radical (R s ) undergoes the following propagation reactions: ß-scission, 1,3 or
l,5-intramolecular hydrogen transfer (R xn 9 or Rxn10), intermolecular hydrogen transfer,
and O2 reaction, as seen in Figure 3.17b. Secondary polystyryl radical (R s ) produces
monomer styrene (14) by unzipping to one unit shorter via ß-scission. This radical also
undergoes 1,3-intramolecular hydrogen transfer (R xn 9) via -scission to form 2,4diphenyl-1-butene (dimer, 40) or tolyl radical (11) with shorter polymer chain. 2,4,6Triphenyl- 1 -hexene (trimer, 51) is formed by 1,5-intramolecular hydrogen transfer

(R.10) and followed by -scission, and 1,3-diphenylpropane radical (37) is also
produced with a shorter polymer with unsaturated chain-end (P u ) that is followed by end-
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chain scission. Secondary polystyryl radical (R s ) abstracts hydrogen from polystyrene
backbone to form tertiary polystyryl radical (R t), which goes ß-scission or reacts with 02.
Secondary polystyryl radical (R e ) reacts with 02 faster than with other stable species
including polystyrene and gives rise to polystyrene hydroperoxides through
intramolecular hydrogen transfer (11.,,p6 and R,,,8). These hydroperoxides (X4, X5, and X6)
undergo further decomposition via ß-scission and lead to (in part) be major products,
styrene (14), benzaldehyde (15), and α-methylstyrene radical, which undergoes further 02
reaction as increasing reactor temperature.
Secondary polystyryl radicals (Re ) produce shorter secondary polystyryl radical (Rs)
or polymers with unsaturated chain-end (P c ), which continue to undergo consecutive
propagation reactions and loss of polymer fragments eventually leading to volatile species
with monomeric or dimeric structure.

3.3.9.4 Propagation Reactions of the Tertiary Polystyryl Radical (R e): Tertiary
polystyryl radical (R te ) is initially formed by scission of C-H bond or by O2 reaction at a
highly substituted carbon, as seen in Figure 3.16. Other tertiary polystyryl radicals (R t2,
Rt4, Rt5) are

produced in the propagation reaction of R p and Rs by intramolecular

hydrogen transfers, as seen in Figures 3.17a and 3.17b. Tertiary polystyryl radical (R t)
leads to propagate to shorter radical through ß-scission or react with O2 to form
hydroperoxides, as shown in Figure 3.17c. This hydroperoxide (X 7 ) decomposes to
carbonyl species with shorter polymer chain or forms a benzoic acid (25). Acetophenone
(C8H8O), which might be at a trace level in this study, is produced by O2 attack to tertiary
polystyryl radical (Re) via degradation of polymer hydroperoxides (X8 and X9) formed by
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intramolecular hydrogen transfers and ß-scission. Other tertiary polystyryl radicals (Re,
Rt4, Rt 5) can also decompose to carbonyl species and additional polystyryl radicals by
attack of O2.

3.3.9.5 Termination: Disproportionation and combination are important termination
reactions that stabilize volatile free radicals into stable species. Major volatile radicals
with a benzene ring are phenyl radical, benzyl radical, α-styryl radical, and αmethylstyrene radical. Toluene (11), ethylbenzene (12), and α-methylstyrene can be
formed by disproportionation, as seen in Figure 3.18. Combination reaction has an
important role to form volatile species with dimeric structure. 3-phenyl-2-propenal (29)
might be formed by combination of phenyl and acrolein radicals. Other dimeric species
are easily combined into the following species: biphenyl (30), diphenylmethane (31),
1,l'-diphenylethylene (32), bibenzyl (33), and benzophenone (36).
Release of volatile species from disproportionation and combination reactions shows
maxima in product yield of aromatic and oxygenated species at 550°C and 600°C main
reactor temperature, as seen in Figure 3.10i, which shows Total Product Yield for 4) =
0.l in the Polystyrene / Air System. Styrenes (monomer, dimer, trimer) that are formed at
these temperatures slowly start to degrade and also oligomer and higher styrenes
fragments decompose to detectable volatile species in this study.

3.3.9.6 02 Reactions with α-Styryl and α-Methylstyrene Radical: Major volatile
radicals are α-styryl radical and α-methylstyrene radical that can be formed in initiation
and propagation reactions as well as in the oxidation of styrene. Addition reaction of O2
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into α-styryl radical drives the formation of ring structure (C-O-O) that is followed by
cleavage of the weak 0 - 0 bond to produce oxide species, see Figure 3.19. The oxide
species undergoes cleavage of C-C bond and subsequently forms phenyl radical with CO
elimination via benzaldehyde radical. a-Methylstyrene radical also forms a ring structure
by 02 attack. Cleavage of weak O - O or C-C bond in the ring structure subsequently
produces CH2CO and phenyl radical. CH2C0 is believed to decompose to CO or CO2 in
the presence of excess oxygen. These two radicals therefore are important for formation
of benzene and CO2.

13.9.7 Oxidation of Styrene: Styrene is a major product in this study. Decomposition
of styrene is initiated by attacks of OH or free radicals on the styrene, as seen in Figure
3.20. α-Styryl radical is formed by OH abstraction to α-carbon (Rxna), which is a more
substituted carbon, and this radical site reacts with 02 to form phenyl radical, CO, and
CO2, as described in Figure 3.19.
The addition of the OH radical to a-carbon of styrene (Rxnb) forms an energized
C6H5CH(OH)C.H2, which can form phenyl radical and CH2CHOH via 3-scission, form
alkoxy radical (C6H5CH(O.)CH3) via hydrogen transfer, or undergoes 02 addition
reaction with styrene-OH to form C6H 5 CH(OH)CH2(0O.). Alkoxy radical undergoes beta
scission to form ketone aromatic species, to form benzaldehyde (15) + CH3, or to form
phenyl radical and CH3CHO (6). The energized C6H 5 CH(OH)CH2(OO•) radical will
undergo decomposition reactions, including a possible pathway shown in Figure 3.20: it
forms alkoxy radical via hydrogen transfer and then reacts to form benzaldehyde (15) +
CH2(OOH) via -scission or to phenyl radical + O=CCH2(OOH) via ß-scission. Two
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peroxides, CH2(OOH) and O=CCH2(OOH) undergo further reactions to complete
combustion products, CO and CO2, via CHO and CH2O in excess oxygen.
The addition of the OH radical to ß-carbon of styrene (Rxnc) forms an energized
C6H5C.HCH2OH. It reacts to form alkoxy radical (C6H5CH2CH2(O.)) via hydrogen
transfer or undergoes O2 addition reaction to form C6H5CH(O0.)CH2(OH). This alkoxy
radical further reacts to form tolyl radical + CH2O or benzeneacetaldehyde (C8H80, 19).
C6H5CH(OO.)CH2(OH) radical can undergo hydrogen transfer to form alkoxy radical,
which reacts to from benzaldehyde (15), a major oxygenated species.
The two styrene-OH-O2 adducts, C6H5CH(OH)CH2(OO.) and C6H5CH(OO0)CH2(OH), can also undergo hydrogen transfer from the cleavage of (OH)C-H (bond
dissociation energy, 94 kcal/mol) instead of HC(O-H) (bond dissociation energy, 104
kcal/mol) to form COO-H (bond dissociation energy, 88 kcal/mol), hydroperoxide species
[116]. These hydroperoxides might lead to the formation of alcohol species, which are
not shown as an initial product in Table 3.5a.
Cleavage of the styrene aromatic ring might rapidly occur at high temperature, 675°C
where benzene starts to decrease in concentration with relatively low abundance of
aromatic species, as seen in Figure 3.10i. This occurs by the addition of the OH radical to
n d) and then forms hydroxyethenyl-2,4-cylcohexadienyl
benzene ring of styrene (Rx

adduct. This adduct can react to form phenol + C2H3 or react with O2 to form
hydroxyethenyl-2,4-cylcohexadienyl-6-peroxy adduct, which can undergo hydrogen
transfer to form alkoxy radical or hydroperoxide radical, respectively. Hydroperoxide
radical undergoes further reaction to produce carbonyl compounds that might decompose
via reaction with O2 and the radical pool species, such as R, 0, OH, and H. Alkoxy radical
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may undergo ring cleavage via ß-scission to form C8 carbonyl compound (C=CC=OC=C-C=C-C=0), which might react with free radicals to final combustion products
through a series of reaction steps or 1,3-pentadienal (C=C-C=C-C=O) + acrolein radical
(C=C-C.=O). Alkoxy radical also can form 2,4-hexadiene-1,6-dial radical (
O=C.-C=CC=C-C=O), which can proceed to the formation of 1,3-pentadienal radical via CO
elimination. This 1,3-pentadienal radical can form C2H2 or go on O2 addition reaction
forming 1,4-butenedial via ring formation of C-O-O and C-C-O.

CHAPTER 4

PYROLYSIS AND OXIDATION OF POLYETHYLENE

4.1 Introduction
Polyethylene is a major thermoplastic that occurs in municipal refuse with other
polymers, such as polypropylene, polystyrene, and polyvinyl chloride. Polyethylene has
hydrocarbon structure with C2H4 repeating unit. Polyethylene differs in physical property
and structure depending on its processing. The polyethylene (LDPE) with low density has
a highly branched structure. High density polyethylene (HDPE) has linear structure with
short branches. Polyethylenes soften and melt upon heating, without change of chemical
and physical properties. Polyethylenes are readily molded into household goods, fibers.
packaging materials, and many molded items [4, 117]. Use of polyethylene has increased
due to its applicability and durability; polyethylenes are a key component in the annual
volume growth of plastics in solid waste. Combustion of solid wastes and municipal
waste is increasing due to limited landfill capacities and the increased value in waste to
energy conversion. The increase in plastic combustion has led to increased public
concern over possible formation of toxic emissions from waste combustion [l, 118, 119].
A number of researchers have investigated pyrolysis of polyethylene [120-133].
Major volatile products from pyrolysis of polyethylene are: alkanes, alkenes, and
polycyclic aromatic hydrocarbons (PAHs). Pyrolysis might be an alternative process for
recycling of polyethylene [134-137] and catalytic thermal degradation of solid wastes has
been studied to improve the efficiency of recycling [138-141]. Combustion is a series of
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complex, free radical chain reactions where fuels are oxidized; it occurs via a number of
chain propagation and chain branching steps, which are varied and often complex in
nature [142-162]. Volatile products released from combustion of polyethylenes have been
identified and quantified in order to understand the mechanism of combustion. Paabo and
Levin have reviewed the previous literature on polyethylene through 1984. They reported
that the major products in the presence of oxygen were alkanes, alkenes, ketones,
aldehydes, carboxylic acids, CO, and CO2. Volatile products formed under flame
conditions of polyethylene fuel were formed to be less toxic than under non-flame
conditions, and the toxicity of gas products was found to increase with temperature [142].
A number of studies have reported on the combustion of polyethylene at high
temperatures above 500°C [143-147]. Levendis's group compared PAH emissions from
the combustion of polyethylene with other plastics between 750°C and 1200°C from a
horizontal batch reactor and a drop tube furnace. They collected gas phase and particulate
samples on glass fiber filters and XAD adsorbents. They reported PAH emission over

C8

increased at high fuel equivalence ratios, low reactor temperatures, and short residence
time in the horizontal reactor with batch polyethylene inlet, [73-75]. Mitera and Michal
conducted studies on combustion of polyethylene in two different chambers under
flameless conditions at 500°C or under flame conditions at 600°C and 1000°C. Volatile
gas products were collected in a Chromosorb 102 column, desorbed at 200°C, and then
analyzed by GC/MS. They identified gas products from C1 to

C28.

High volatile

compounds showed high intensity at 600°C under flame conditions but decreased at
1000°C under flame conditions [80]. Hawley-Fedder et al. identified PAHs and
hydrocarbons over C9 from combustion of LDPE between 800°C and 950°C at 13 sec
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residence time under an unknown, fuel rich condition [143]. Hodgkin et al. studied the
combustion of polyethylene between 500°C and 800°C in air in a horizontal batch tube
furnace. They identified volatile products between C2 and C23 using a capillary column
and packed GC column; but did not quantify the species. At 500°C major products were
acetic acid, acetone, and acetaldehyde under unknown fuel equivalence ratio. At 800°C
benzene was present as a major species and increased in intensity, while acetone
decreased [144].
Many researchers have studied the oxidation of polyethylene at low temperatures
below 500°C [148-162]. Bravo and Hotchkiss studied thermal oxidation of polyethylene
batches (0.5 g) at 150°C to 350°C at 5 to 15 minutes in 25 ml/min of air. They collected
volatile products in the range from C5 to C23 in a cryogenic trap. The amount of volatile
products decreased with increase of reactor temperature, but low molecular weight
products increased in concentration at 350°C [148]. Hoff and Jacobsson reported 44
compounds between C1 and C7 from thermal oxidation of polyethylene at 264°C to
289°C in air. They used four different columns to analyze volatile products, which were
collected with a cryogenic trap. Major products were hydrocarbons, alcohols, aldehydes,
ketones, acids, cyclic esters, cyclic ethers, and hydroxycarboxylic acids. The most
abundant products were formaldehyde, acetaldehyde, formic acid, and acetic acid. The
total amount of aldehydes at 289°C was about 77 % of the total amount of acids [149].
Karlsson's group presented an extensive analysis of volatile products identified using
solid phase extraction (SPE) and GC/MS analysis. They investigated thermo oxidation of
pure LDPE film on 2 g of polyethylene in a sealed vial with an atmosphere of air at 60°C
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and 100°C for 14 days. Major products included: carboxylic acids, ketones,
hydrocarbons, esters, and a small number of aldehydes [150,151].
There is no thorough study on polyethylene combustion that shows the formation
and distribution of intermediate products, or on the reactor parameters needed for
complete conversion of these intermediates under reaction conditions of known fuel
equivalence ratio (4)), under continuous flow of both fuel and air - demonstrated steady
state operation. In this study a continuous feed of solid polyethylene is fragmented and
vaporized in the first zone of the reactor, a volatilization oven at 400°C. The vaporization
products then undergo further oxidation reaction at varied, higher temperatures in the
second zone, main reactor. Gas products at each temperature of the main reactor are
identified and quantified at a known (1). Fuel equivalence ratio is identified as an
important parameter that can be utilized to help reduce emission of products of
incomplete combustion (PICs) and achieve complete conversion to CO2 plus H20. Our
data shows that polyethylene can be efficiently combusted to CO2 and H20 at 2 seconds
reaction time, 4 = — 0.3, and 650°C under steady state reaction conditions.
In this study gas products between CI and C22 are analyzed by direct inlet to on-line
gas chromatographs (GCs). Characterization of gas products, which are pyrolyzed under
steady state conditions, produces product distributions, information on fates of toxic
products, formation and degradation mechanisms of gas products at different reactor
temperatures, under bench scale conditions. It also provides information for possible
methods for control of emission of PAHs and products of incomplete combustions
(PICs).

114
4.2 Experimental
4.2.1 Reagents
The medium density polyethylene powder used in this study is purchased from Aldrich
Chemicals: average M y, 6300, average M,, 2500, specific gravity 0.940 gm/cm³, and
melting point 109 - 111°C. The powder is ground and sieved to a particle size in the
range of 0.15 - 0.3 mm. 25 alkane standards (CI - C2 5 ) are used for GC and GC/MS
analysis. 1 mg/ml of each alkane standard (C10 - C²5) is contained in methylene chloride.

4.2.2 Experimental Apparatus
A continuous air and polymer feed, dual stage reactor, operating under steady state
conditions is used to study the thermal oxidation of polyethylene, as previously described
in the pyrolysis and oxidation of cellulose and polystyrene [58]. The first zone or
volatilization oven (28 cm) is maintained at constant temperature of 400°C to examine
volatilization of initial polymer fragments of polyethylene. The second reactor zone,
main reactor (132 cm), is controlled for subsequent burnout of initial products in the
temperature range from 400°C to 650°C within ± 10°C at 2.0 seconds residence time.
reactor temperature profiles are shown in Figure 4.1.

4.2.3 Polymer Powder Feed
Polyethylene powder (weight about 530 mg) is filled uniformly into an open-top or Uchannel tube of about 8 inches (20 cm) length made of quartz or stainless steel with half
circle cross-section area of 0.1 cm ² . This polymer feed boat is fed with its front end at
1.75 inch position of the volatilization oven (350°C) at a constant rod speed, 6.55
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mm/min by a syringe drive pump to the 5.1 inches position (400°C) for 13 minutes. After
13 min, the boat is allowed to cool down in a desiccator and the amount of polyethylene
vaporized, char produced, and liquid remaining in the boat are measured. The feed rate of
polyethylene (gas vapor produced) is about 24 mg/min under steady state conditions, as
shown in Table 4.2. Gas phase polymer fragments are produced continuously in the
volatilization oven and flow directly into the main reactor where further oxidation
reaction occurs with increase of main reactor temperature. Each run for two of the GCs
started with 1ml injection of gas sample into the on-line GCs at 12.50 min (injection time
to GC) relative to start of polyethylene boat feed. The third GC without a column
monitors steady state of total hydrocarbons via its FID while the polyethylene boat is fed
into the volatilization oven.

4.2.4 Gas Flow
Air is used as a carrier gas and oxidant in polyethylene combustion. The air flowrate is
controlled to maintain 2 sec residence time in the main reactor when its temperature is
varied, as described for cellulose in Chapter 2. This continuous air flow serves as the
oxidant, and entrains and carries the vaporized polymer fragments through the
vaporization oven and main reactor, as shown in Table 4.2. Samples of vapor phase
combustion products are collected from the effluent of the reactor, through heated
(220°C) transfer lines and injected into the three on-line GCs via gas sampling valve.
Each gas flowrate at 25°C is measured by a soapfilm flowmeter and corrected to its
flowrate at each main reactor temperature.
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4.2.5 Analysis
The three on-line gas chromatographs columns listed in Table 4.1a are a capillary column
(AT-5), and two packed columns (Super-Q and Carbosphere) and are used for qualitative
and quantitative analysis. Monitoring of steady state operates without a column at 250°C
oven temperature, its FID is used to measure total hydrocarbon products. This provides
an important measure of steady-state or overall uniformity of operation. A constant signal
versus time from this total hydrocarbon detector provides a monitor on the total system
operation: uniformity of polymer feed, volatilization, volatilization product flow,
oxidation rate, and effluent [581 GC oven temperature programs are listed in Table 4.1b.

Table 4.1a Gas Chromatograph Columns
Carbosphere
CO and CO2
Super-Q
Light organics
AT-5 (SE-54)
Heavier organics
DB-5 (SE-54)
GC/MS impinger sample

80/100 mesh
80/100 mesh
1.20 µm film
1.0 pin film

Table 4.1b Oven Temperature Programs for Gas Chromatograph
CO and CO2
40°C for 3 min Ramped 10°C/min
Light organics
40°C for 3 min Ramped 10°C/min
Ramped 4°C/min
Heavier organics
40°C for 3 min
Ramped 8°C/min
Ramped 4°C/min
GC/MS impinger sample 40°C for 3 min
Ramped 8°C/min

1/8" x 6'
l/8" x 6'
30 m x 0.53 mm
30 m x 0.25 mm

180°C for 20 min
180°C for 20 min
110°C for 0 min
250°C for 22 min
110°C for 0 min
250°C for 22 min

Three six-port gas sampling valves (Valco Instrument Co.) with 1 ml volumes are
maintained at 25°C and 1 atm for the Carbosphere column and Super-Q column, and at
250°C and 1 atm for the capillary AT-5 column. Each gas volume is corrected to volume
at 25°C for quantitation. Calibration curve with standards is made by an external standard
method with two points for quantitation. Each identified product from oxidation of
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polyethylene is calculated directly from its response factor. The response factor is
calculated by dividing a known mass of standard by the area of standard in the GC
chromatogram. Concentration of each product in the gas phase is calculated into mg in
unit per unit gas volume injected into the GC.
The liquid impinger sample for GC/MS analysis is collected in an impinger
containing 30 ml of methylene chloride cooled with ice water that is connected to gas
effluent from the exit of the main reactor using the same conditions as on-line GC
analysis. The GC/MS system consists of Varian Ion Trap Saturn II with Varian GC 3400
and a DB-5 & W Scientific). Product identification is achieved by GC retention time
matching between polyethylene gas sample and liquid impinger samples, and by GC/MS
through comparison of the sample spectrum with the standard spectra in NIST 92 library
[69, 70]. GC/MS analysis is discussed separately in Chapter 5.

4.3 Results and Discussions
4.3.1 Reactor Operation
Temperature profiles in the reactor are investigated with and without polyethylene at
400°C and 600°C main reactor temperatures and shown in Figure 4.1. There is no
significant difference in reactor temperature except about 20°C (± 10°C) in the first 5 cm
to 10 cm of the volatilization oven stage. Figure 4.2 illustrates GC/FID total hydrocarbon
signal for assurance of steady state operation at 400°C, 500°C, and 600°C main reactor
temperatures in Polyethylene / Air System. A relatively high intensity is operated in the
early stage but the polyethylene feed is believed to maintain a good steady state over the
total feed time.

Table 4.2 Fuel Equivalence Ratio (4 = - 0.3) at 2.0 Seconds Residence Time
400
450
500
550
575
Main reactor temperature (°C)
1.255
l.168
1.093
1.026
0.996
Air flowrate (1/min) at 25°C
0.2636
0.2453
0.2295
0.2155
0.2092
0 2 flowrate (1/min) at 25°C
Actual moles of O2 (mol/min) a
0.01078 0.01004 0.00939 0.00882 0.00856
Polyethylene / Air System
Polyethylene feed rate (g/min)
0.02381
0.02382 0.02352 0.02488 0.02429
Ideal moles of O2 (mol/min) c
0.00255 0.00255 0.00252 0.00266 0.00260
Excess air ratio
4.23
3.94
3.73
3.31
3.29
0.24
0.25
0.27
0.30
0.30
0.28
Vapor
MY
75.63
74.95
72.98
76.41
76.78
69.62
Char (%) r
3.46
3.50
3.63
3.82
4.35
Liquid (%)g
20.91
21.55
23.39
19.77
18.87
a

600
0.967
0.2031
0.00831

625
650
0.941
0.915
0.1976
0.1922
0.00808 0.00786

0.02463
0.00263
3.15
0.32
77.15
4.39
18.46

0.02104 0.02218
0.00225 0.00237
3.59
3.31
0.30
68.88
3.90
4.63
25.75
27.22

Actual moles of oxygen (mol/min) in air are calculated at 400°C and 1 atm.
Polyethylene feed rate (g/min) is calculated from the production of vapor rate at 400°C volatilization oven.
Ideal moles of oxygen (mol/min) for polyethylene are calculated for stoichiometric condition at 400°C.
d Fuel equivalence ratio, (1) = Ideal moles of oxygen (mol/min) / Actual moles of oxygen (mol/min).
e Vapor (%) is calculated from mass of polyethylene vaporized at feed rate, 24 mg/min (6.55 mm/min) for 13 min feed time.
f Char (%) is calculated from mass of dark brown residue produced for 13 min feed time.
g Liquid (%) is calculated from mass of polyethylene melted for 13 min feed time.
b
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4.3.2 Fuel Equivalence Ratio (4))

Air flowrate is corrected for temperature of the main reactor and atmosphere conditions.
Excess air flowrate is 1255 ml/min at 4) = 0.24 and 400°C main reactor temperature, as
shown in Table 4.2. The fuel equivalence ratio is the ratio of moles of oxygen as
calculated from the stoichiometric reaction for complete combustion of polyethylene, to
actual moles of oxygen supplied in air.
C2H 4 + 3O 2 2CO2 + 2H 2 O
Fuel equivalence ratio (calculated with vapor of polyethylene) is kept in the range from
0.24 to 0.32 under fuel lean conditions. Vapor, char, and unvolatilized liquid remaining in
the boat are produced in proportion of about 74.05 %, 3.96 %, and 21.99 %, respectively.
Mass balance (carbon mole %) for gas products is calculated and shown in Table 4.4.

4.3.3 Product Distribution

The medium density polyethylene (MDPE) has chain branches with intermediate
properties between HDPE and LDPE. Major products in the pyrolysis and oxidation of
polyethylene are CO and CO2, alkanes, alkenes, alcohols, aldehydes, and ketones. Gas
products over 1 % of the carbon mass balance are CO, CO2, ethene, formaldehyde,
propene, propane, butene, pentanal, and methylfuran under conditions where both the
volatilization and main reactor are at 400°C. ninety species between CI to C22, from a
total of 300 products, are positively identified and are listed in Table 4.3.
Carbon mass balance data from 400°C to 500°C are relatively low, from 47.93 % to
62.93 %, due to loss of acids and to non-volatile macromolecule formation. See Table
4.4. Acids are also believed to be major products in the oxidation of polyethylene [149,
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Table 4.3 (Continued)

Peak numbers correspond to the GC output shown in Figure 4.3.
b Column retention time (min) shown from the GC chromatogram.
G Response factor is multiplied with GC area of each species for the concentration of
each species to mg/ml.
d Gas product No.1 and 2 are separated on Carbosphere column.
e Gas products between Product No.3 and 17 are separated on Super Q column.
f Gas products between Product No.18 and 90 are separated on AT-5 Capillary column.
a
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150, 156], but are not detected in this study. Macromoleculars are reported up to C55 at
around 400°C by Rangarajan et al. [130] and Seeger and Gritter [131].
In Polyethylene / Air System each chromatogram from the three on-line GC columns
shows 90 peaks numbered in Figure 4.3. Data show CO and CO² (Carbosphere column),
light hydrocarbons from CI to C6 (Super Q column), and heavy organic products (AT-5
capillary column) at 400°C for both volatilization oven and main reactor. Gas
chromatograms from the three different columns at 400°C, 450°C, 500°C, 550°C, 575°C,
600°C, 625°C, and 650°C main reactor temperature and 2 seconds reaction time are
illustrated in Figure 4.4. Major products, from Cl to C22, are seen to decompose into
carbonyl compounds, CO and CO2 as main reactor temperature is increased. This change
in product distribution is valuable for reaction path identification and for understanding
the conversion of gas products as a function of main reactor temperature at a constant
residence time.
Figure 4.5a illustrates product yields of alkanes from C¹ to C6 versus main reactor
temperature. The relative order in concentration is: propane (highest) > hexane > butane
> methane > ethane > pentane (lowest) at 400°C for both the volatilization oven and main
reactor. Methane, propane, and hexane are major alkane products. Alkanes from C2 to C6
decrease in concentration with increase of temperature in the main reactor; at 625°C all
intermediate products are mineralized into H2O and CO2, except for methane. Methane
shows maximum concentration at 600°C and survives at about 1 % at 625°C. At high
temperature of the main reactor, alkanes are rapidly decomposed into oxygenated species
via radical reaction with 02, -scission reactions, and reactions with the active radical
pool: R, RO, ROO, 0, OH, and H. Ethene, a major alkene, shows a maximum at a main

Table 4.4 Mass Balance (Carbon mole %) in Polyethylene / Air System at 4 = — 0.3 and 2.0 Seconds Residence Time

Table 4.4

(Conti ued)

Table 4.4 (Continued)
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reactor temperature of 600°C, as shown in Figure 4.5b. C³ to C6 alkenes decrease
significantly above 550°C. Propene also is a prominent gas product due to cleavage of CC bonds in the p position to double bonds in alkenes or 13-scission of alkyl radicals [122j,
as shown by propene levels in Figure 4.5b. Throughout the temperature range, the order
in abundance for alkenes is: ethene (highest) > propene > butene > pentene > hexene
(lowest).
Major aldehyde species observed are pentanal, formaldehyde, acetaldehyde, and
acrolein, as shown in Figures 4.5c and 4.5d. Formaldehyde, acetaldehyde, and acrolein
remain nearly steady in concentration up to 550°C, and then decrease rapidly to trace
levels at 600°C. Aldehydes from C5 to C8 show formation similar to the lower molecular
weight aldehydes below C5 and are completely decomposed at 575°C main reactor
temperature. Ketones are observed with the ketone group at the 2 or 3 substitution
position. This observation is in good agreement with the results reported by Bravo and
Hotchkiss [148]. The order of ketones in concentration is shown in Figure 4.5e: 2hexanone > 2-methyl-3-pentanone > 3-methyl-2-hexanone > 3-heptanone > 3-octanone
throughout most of the temperature range. These ketones are rapidly decomposed at
575°C. Among C5 - C8 species, benzene, together methane and ethene, shows a maxima
in concentration at temperatures higher than 600°C. 2-Pentanone, 2-methylfuran, and 7octen-3one, as seen in Figure 4.5f, show similar product distribution with temperature of
the main reactor; they increase in concentration to 550°C and then decrease rapidly.
CO level is a reasonable parameter to analyze the extent of conversion, and as an
indicator of complete combustion. Total hydrocarbons in the range of C5 to C22 decrease
in concentration as temperatures increase from 500°C to 575°C while CO and total C¹ -

127
C4 species increase, as observed in Figure 4.5g. CO remains steady at 64.26 % at 600°C

and 64.13 % at 625°C, while CO2 increases from 13.96 % to 31.13 %. Carbon mass
balance data at 625°C is 96.54 %, which results primarily from CO and CO2, as seen in
Table 4.4, with low concentrations (less than 1 %) of methane, ethene, ethane, and
acetone. Carbon mass balance is 97.62 % at 650°C where only CO2 is detected as
combustion products. Complete combustion in Levendis's study is not achieved at 1:1) =
0.01 - 0.12 and 2.0 sec residence time, at 900°C using a batch reactor system [73], but
complete combustion is achieved at (I) = 0.3 and 2.0 sec residence time, at 650°C in this
study. The difference is continuous steady state reaction in this study: continuous feed of
both fuels (polymer and oxidant, air).
Most combustion products are hydrocarbons and oxygenated hydrocarbons, but
those aromatic species that are found are low in number and concentration. Oxygenated
hydrocarbons, as shown in Figure 4.5g, increase in concentration to 500°C and then
decrease, while hydrocarbons increase to 550°C and then remain steady to 600°C
probably due to the high concentration of C¹ to C4.
Total product yields versus main reactor temperature for the 6 groups classified are
illustrated in Figure 4.5h. The order in abundance for 5 group is alkenes (highest) >
aldehydes > ketones > alkanes > alcohols (lowest) in the reactor temperature range of
400°C to 550°C. Aldehydes, ketones, and alcohols start to decompose at 575°C and are
decomposed completely at 600°C. Alkanes are observed at a low concentration (about 3
% carbon mole) between 550°C and 600°C main reactor temperature, while alkenes show
high product yields (about 15 % carbon mole) in this temperature range. Oxidation
reaction of polymer fragments in the main reactor zone starts to increase the formation of
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oxygenated polymer fragments at 550°C with the increase of CO yield. These polymer
fragments undergo beta scission to form higher alkenes in concentration between 550°C
and 600°C main reactor temperature.
A number of cyclic products among miscellaneous species are found in oxidation of
polyethylene: tetrahydro-2-methylfuran, methylcyclohexene, 1,2-dimethyl-l-hexane, 2cyclohexe-1 -one, and l-cyclohexylethanone. It is difficult to analyze hydrocarbons over
C22

due to the high boiling point in this study. The following products are identified at

low concentration in analysis of GC/MS but are not quantified: 1-hydroxy-2-propanone,
butenal, 3-methyl-2-butanone, 4-penten-2-one, cycloheptane, 3-heptene, 3-methylbutanal, toluene, 2-methyl-2-cyclopenten-l-one, 3-ethyl-4-heptanone. Few aromatic
species are found at relatively low concentration: benzene, benzaldehyde, and phenol.

4.3.4 Decomposition Pathways
Medium density polyethylene (MDPE) used in this study has short branch groups. The
type of a-olefin, which is copolymerized with ethene, determines structure of the
branches; propene gives a methyl group as a branch, while butene and hexene give ethyl
and butyl group, respectively. The chain-end in a polyethylene backbone is usually a
methyl group (~ CCC) and polyethylene with an unsaturated group might exist (~ CC=C)
due to the process of polymerization. We consider polyethylene structure with a methyl
group as a branch and chain-end for the possible decomposition of weight loss in
polyethylene oxidation.
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4.3.4.1 Initiation: The pyrolysis and oxidation decomposition of medium density
polyethylene (MDPE) occurs by a free radical mechanism. Initiation reactions shown in
Figure 4.6 include a random scission (Rxn 1 ) of normal C-C bonds in polyethylene without
a branch chain (P) due to the more pyrolytic environment at 400°C volatilization oven.
This random scission produces primary polyethylene radicals at chain-end (Rp1).
Polyethylene with branch chains (Pb) undergoes scission of a- and ß-bonds between C-C
bond at branch site [127, 130, 133]. Scission of α-bond at branch site (R,,„2) produces a
secondary polyethylene radical (R s ) and a R p1 . Scission of ß-bond at branch site (R,,n3)
produces a primary polyethylene radical with branches (R p 2) and a Rp 1. Finally, a tertiary
polyethylene radical (Rt ) is formed by scission of the tertiary C-H bond (R xn 4) or reaction
with O² (Rxn 5 ). These radicals, which are produced in the initiation reaction, break down
into short chain products or short chain radicals in the propagation reactions: -scission,
intramolecular hydrogen transfer, intermolecular hydrogen transfer, and 02 reaction [130,
148, 149, 152, 153, 1621

Table 4.5 Heat of Formations (Hf
Species
C-C-(CH3)C-C-C-C
C-C-(CH3)C.-C-C-C
C-C-C-C-C-C
C-C-(CH3)C-C
C-C-(CH3)C-C
C-C-(CH3)C=C
C-C-C-C
C-C-C•-C
C-C-C
C-C-C.
C-C
C-C.
H

298

)

Alif 298 (Kcal/mol)
-47.29
-2.89
-40.12
-37.43
11.57
-5.21
-30.26
16.09
-25.33
23.67
-20.40
28.60
52.10a
3.50 a
HO2
a JANAF Thermochemical Tables 3 rd ed. NSRDS-NBS, 1986, 37.
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The weakest bonds in initiation reactions can be determined by bond dissociation
energies (BE) of C-C bond and C-H bond with hexane (C-C-C-C-C-C) and methylhexane
(C-C-(CH3)C-C-C-C) instead of polyethylene chain. Bond dissociation energy can be
explained by:
Bond dissociation energy (BE) =

= E Hf (products) - E Hf (reactants)

Heat of formations (Hf) for stable molecules and radicals are calculated by THERM
computer code [114]. Table 4.5 shows heat of formations for stable molecules and
radicals calculated by THERM.
Bond dissociation energy of C-C bond can be calculated by:
C-C-C—C-C-C

C-C-C. + .C-C-C

BE = OH rxn = E Hf (products) - E Hf (reactants)
= 23.67 + 23.67 — (-40.12) = 87.46 (Kcal/mol)
Bond dissociation energy of C-C bond (a position) at branch site can be calculated by:
C-C-(CH3)C—C-C-C —> C-C-C.-C + .C-C-C
BE = E Hf (products) - E Hf (reactants) = 16.09 + 23.67 — (-47.29) = 87.05 (Kcal/mol)
Bond dissociation energy of C-C bond ([3 position) at branch site can be calculated by:
C-C-(CH3)C-C—C-C C-C-(CH3)C-C. + C-C.
BE = E Hf (products) - E Hf (reactants) = 11.57 + 28.60 — (-47.29) = 87.46 (Kcal/mol)
Bond dissociation energy of tertiary C-H bond can be calculated by:
C-C-(CH3)C-C-C-C --> C-C-(CH3)C.-C-C-C + H
BE = E Hf (products) - E Hf (reactants) = (-2.89) + 52.10 — (-47.29) = 96.5 (Kcal/mol)
ΔHrxn for hydrogen abstraction by O2 can be calculated by:
C-C-(CH3)C-C-C-C + 02 —› C-C-(CH3)C.-C-C-C + HO2
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ΔHrxn = E Hf (products) - E Hf (reactants) = (-2.89) + 3.5 — (-47.29) = 47.9 (Kcal/mol)
ΔHrxn for ß-scission can be calculated by:
C-C-(CH3)C•C—C-C

C-C-(CH3)C=C + C-C.

= (-32.50) + 28.60 — (-47.29) = 43.39 (Kcal/mol)
Therefore, the C-C bond has the lowest bond dissociation energy. There is no difference
of bond dissociation energies between normal, a, and ß position C-C bonds in
polyethylene chain. Hydrogen abstraction by O2 (ΔHrxn = 47.9 Kcal/mol) might be an
important initiation reaction due to the attack of O2 over the surface of polyethylene in
the feed boat at 400°C volatilization oven temperature. ß-Scission of free radicals will be
favored due to low ΔHrxn = 43 Kcal/mol.

4.3.4.2 ß-Scission in the Propagation: ß -Scission reactions (R„n6) cleave the chain
rapidly due to their much lower endothermicity. Primary polyethylene radical at chainend (Rp 1), as seen in Figure 4.7a, depolymerizes into a shorter primary polyethylene
radical and ethene via ß-scission, which is continuously unzipped to form ethene.
Another primary polyethylene radical (R p 2) will form — CCC=C (P a ) + CH 3 or Rp1 + CC=C (7) via ß-scission. Polyethylene with unsaturated chain (PO formed will undergo
cleavage of C-C in the allylic position, which has relatively low bond dissociation energy
(-60 kcal/mol). Secondary polyethylene radical (R s) forms a primary polyethylene radical
(Rp 1) + C-C=C (7). Tertiary polyethylene radical (R e) also produces a polyethylene with
unsaturated chain (P u ) and a primary polyethylene radical (Rp1).
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4.3.4.3 Intermolecular Hydrogen Transfer in the Propagation: Intermolecular
hydrogen transfer (R xn7) may be important for the formation of tertiary radical (R t) by
hydrogen abstraction of Rp , Rs , or free radicals [154]. This reaction contributes to break
down polyethylenes with branch chain into gas products with short chain.

4.3.4.4 Intramolecular Hydrogen Transfer in the Propagation: Intramolecular
hydrogen transfer (R„n8) shown in Figure 4.7b is an important reaction for the formation
of alkane and alkene in the propagation reactions. Primary polyethylene radical (Rp1)
generates alkyl radicals and α-olefins via intramolecular hydrogen abstraction from C1
position to different carbon atoms, such as C4, C5, and C6 in the chain and then undergoes
subsequent 13-scission: CC. (5), CCC. (8), CCCC. (11), C=CCCCC (16), C=CCCC (14),
and .CCCCCC=C. 1,4-, 1,5- and l,6-Intramolecular hydrogen transfer is cyclizations, 5,
6, and 7 member ring structures, which give the formation of another secondary radicals
(Rs ) in the propagation [152, 162]. Secondary polyethylene radicals (R s ) form alkyl
radicals and alkenes through intramolecular hydrogen transfer via -scission: CCC. (8),
CCCC. (11), CCCCC (15), C=CCCCC (16), C=CCCCCC, and C=CCCCCCC (28).
Alkyl radicals can react to form smaller alkyl radicals and alkenes or also react to
form alkanes and alkenes from combination and disproportionation reactions. These are
termination reactions [148, 149]. Alkenes are major products (high abundance) among
the numbered products from pyrolysis and oxidation of polyethylene, as shown in Table
4.3. The other radicals formed in the initiation reaction, another primary polyethylene
radical (Rp2) and tertiary polyethylene radical (Rt), undergo similar reactions to from
alkyl radicals and alkenes with methyl branch groups.
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4.3.4.5 02 Reaction in the Propagation: In the presence of O2, free radicals produced
in the initiation and propagation will react much faster with O2 than any other molecules.
Resulting radicals formed through O 2 addition reaction (R. + O2 -+ R0O.) are peroxy
radicals. These oxygenated radicals are important in the polyethylene system and lead to
complete combustion at the relatively low temperatures, 600°C and 650°C and 2.0 sec
reaction time under fuel lean condition with (I) = - 0.3. These peroxy radicals form
hydroperoxide intermediates through intramolecular hydrogen transfer (R„8) and
intermolecular hydrogen transfer (Rxn7). The hydroperoxides undergo cleavage of O-0
weak bond (BE = 45 Kcal/mol) to produce alkoxy radicals (RO.). These alkoxy radicals
undergo -scission to form aldehydes, alcohols, ketones, and cyclic species, and furan
derivatives [148, 149, 153].
Primary polyethylene radical at chain-end (R p 1) can react with O2 to form peroxy
radical (R00.), as seen in Figure 4.7c. Hydroperoxide radicals (R.OOH) are produced by
intramolecular hydrogen transfer (R xn8) at different carbon atoms, through 5-, 6-, and 7member ring intermediates. Hydroperoxides are important oxygenated species for
formation of aldehydes, alcohols, acids, and ketones. These hydroperoxide radicals
undergo -scission (R.6) to produce aldehydes, alkene, shorter chain primary radicals
(Rp 1), and shorter polyethylenes with unsaturated chain (Pa).
Primary polyethylene radical with branches (R p2) will form peroxy radical via O2
addition reaction. This peroxy radical undergoes hydrogen abstraction (R.7) at more
substituted carbon with branch site to form hydroperoxide, which decomposes into Pp or
C=C•C. This radical also reacts with polyethylene with unsaturated chain (P u ) to form
CO, Rt , and Rs.
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Secondary polyethylene radical (R s ) will also react with 02 to form peroxy radical
and then react to form hydroperoxide radicals via intramolecular hydrogen transfer and 5,
6, and 7 member ring intermediates. Hydroperoxide radicals undergo -scission to form
shorter polymer chains (Rp2, Pu, and R t ) and low molecular weight products, such as
alkene, aldehyde, and ketones at C² position, which are observed with the ketone group at
the 2 substitution carbon position in Table 3, as seen in Figure 4.7c.
Tertiary polyethylene radicals (R t) can react with 0² to form hydroperoxides via intra
and inter hydrogen transfer and then undergo ß-scission to form intermediate polymer
chains: polyethylene with vinylidene group (Pu) or hydroperoxides with vinylidene
group, and carbonyl polymer chains. These intermediates breakdown into aldehydes,
ketones, alcohols, and shorter polymer chains (R P , P u , R s , and Rt).
O2 attack on free polyethylene radicals in the propagation reactions increases radical
concentrations and the formation of reactive radical pools (R., OH, 0, ROD, and ROO.).
It subsequently seems to accelerate weight loss of polyethylene via intra and
intermolecular hydrogen transfer followed by ß-scission, which contributes to production
of high concentration of hydrocarbons between 550°C and 625°C in the polyethylene
oxidation, as shown in Figures 4.5g and 4.5h.

4.3.4.6 Termination: Disproportionation and combination reactions are important in
termination reactions. Reaction between primary radicals undergoes combination, which
is susceptible for molecular enlargement in the presence of oxygen. However,
disproportionation is also important for reaction between primary and secondary radicals
{148, 149, 1531

CHAPTER 5

GC/MS ANALYSIS

5.1 Introduction
The ion trap mass spectrometer used is a Varian MS Ion Trap Saturn II and consists of
three instrumental components; a source, a mass analyzer and a detector plus a PC
computer and data analysis software. The ion source receives the sample or neutral stable
molecules and produces ions. The ion trap mass analyzer sorts these ions based upon the
mass to charge ratio (m/z). The detector, an electron multiplier, produces a signal
proportional to the number of ions striking it.
The ions are formed by bombarding the sample with a 70 eV electron beam (EI) in a
vacuum. All ions of interest are stored or trapped in the ion trap cavity as the RF voltage,
the storage voltage, is applied to the ring electrodes and a small ac voltage is applied to
the endcap electrodes at a fixed frequency. The ion trap operates in the scan resonance
ejection mode. At low RF voltage (the storage voltage), most ions have stable oscillations
(repeating trajectories) in the ion trap cavity. At high RF voltage (the resonance voltage),
ions are no longer stable in the ion trap cavity. They are ejected from the cavity in the
vertical (axial) direction. This ejection of ions of each mass-to-charge ratio occurs over a
very short time period. Typical conditions chosen are 0.1 to 0.5 seconds. All components
of the system are controlled via the Varian Saturn version 5.0 software. The data system
software includes display programs for total ion chromatogram and spectrum plot, library
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programs for qualitative and quantitative analysis, instrument control programs for data
acquisition, tune up, and set up of the GC/MS [163].

5.2 Analysis
5.2.1 GC/MS Analysis Conditions
The GC/MS system consists of Varian Ion Trap Saturn II with Varian GC 3400 and an
auto sampler. Table 5.1 illustrates conditions for GC/MS analysis, which includes GC
operation and MS operation parameters.

5.2.2 Preparation of Impinger Sample
The impinger sample for GC/MS analysis is collected in an impinger that contains 30 ml
of methylene chloride cooled by external bath of ice water and that is connected to gas
effluent from the exit of the main reactor while the polymer boat is fed into the
volatilization oven under the same conditions as the on-line GC analysis. Flow rate
through the impinger is initially maintained at 60 ml/min during collection from five
runs. Each run contains 700 mg of cellulose in the boat. Only four run (boats) are used
for an impinger sample of polystyrene or polyethylene. Each boat contains 220 mg of
polystyrene and 530 mg of polyethylene, respectively. The extracts in methylene chloride
are subsequently concentrated to lml by purging with nitrogen at 25°C and refrigerated at
4°C until analysis. 1 41 of methylene chloride is repeatedly injected at 250°C injection
port prior to sample analysis to check that no ghost peaks from the syringe and methylene
chloride exist.

Table 5.1 GC/MS Analysis Conditions
Cellulose
Condition
Column
Column flowrate
Linear velocity
Purge flowrate
Split ratio
Injector temperature
Oven temperature

Interface temperature
Manifold temperature
Mass range
Scan time
Filament / multiplier delay
Mass defect
Background mass
Ionization method
Ionization time
Total ion current
Tuning standard

DB-5 (SE-54)
30 m x 0.2 mm x 0.25 pm
0.8 ml / min
42 cm/sec
2 ml/min
10 : 1
250°C
40°C for 3 min
10°C/min, 250°C for 20 min
270°C
240°C
35 to 450 m/z
2 µScans / 0.5 sec
4 min
0
34

Polystyrene
OV-1 (SE-30)
50 m x 0_2 mm x 0.11 µm
0.8 ml / min
42 cm/sec
2 ml/min
10 : 1
250°C
40°C for 3 min
7°C/min, 250°C for 30 min

Polyethylene
DB-5 (SE-54)
30 m x 0.25 mm x l.0 p.m
1.0 ml / min
35 cm/sec
2 ml/min
10 : 1
250°C
40°C for 3 min
4°C / min, 110°C for 0 min
8°C / min, 250°C for 22 min
270°C
150°C
35 to 450 m/z
2 µScans / 0.5 sec
4 min
0
34

250°C
210°C
35 to 450 m/z
2 µScans / 0.5 sec
4 min
0
34
Electron ionization (EI)
300 — 600 µsec
5000 — 10000
FC-43 Perfluorotributylamine (PFTBA
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5.3 Results and Discussion
Spectrum from a target peak in the sample is compared with the standard spectrum of the
NIST 92 library [70] and standard spectrum obtained directly from the injection of
standard solution that is prepared in this lab. Results of sample spectra are presented in
Appendix E for cellulose, Appendix F for polystyrene, and Appendix G for polyethylene.
There are three search methods in the Varian GC/MS Ion Trap Saturn II: purity
search, fit search, and reverse search. Purity search measures the similarity between the
sample spectrum and the library spectrum under conditions that there are no coeluting
peaks or background ions. A score of 700 or higher value match result is acceptable for
identical compounds. Fit search is useful when coeluting peaks exist or only library peaks
exist in the sample spectrum. A fit result over 800 with a low purity result between 500 to
600 indicates that the matched library mass spectrum is present in the sample but other
compounds also may exist. Reverse fit search measures the number of sample spectrum
peaks that are found in the library spectrum.

5.3.1 Product Interpretation in the Pyrolysis and Oxidation of Cellulose
Figures 5.1a and 5.1b show total ion chromatograms from impinger samples collected
from cellulose oxidation by Varian Ion Trap GC/MS. Impinger samples are analyzed and
compared for initial gas products from cellulose oxidation at 400°C main reactor, and at 4)
= 0.25 and 4) — 0.8 with and without NaCl. Results show that there are no chlorinated
compounds in the oxidation of cellulose with NaCl. Most initial gas products identified
by GC/MS are furan derivatives and exist in all four systems. Figure 5.1c illustrates each
gas product identified in detail and peaks are numbered with their structures.
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Each spectrum from the total ion chromatogram is compared with the library
spectrum based on the relative abundance (y coordinate) and mass to charge (m/z) ratio
(x coordinate), and are shown in Appendix E. Purity search is the most important tool,
while a fit search of over 800 is considered necessary for identification of gas products
below 700 purity.
15 species in the cellulose oxidation are discussed and interpreted in detail, and are
shown in Figures 5.4a to 5.4c. Analysis of all the remaining gas species follows these
representative fragmentation patterns. Each peak number on the total ion chromatogram
corresponds to the number in Figures 5.4a to 5.4c or in Appendix E.
Odd electron ion (OE + ') is an ion in which an outer shell electron is unpaired while
even electron ion (EE + ) is a fully paired, more stable, and abundant fragment ion in El
mass spectra [69]. 2-Ethylfuran (C6H8O, peak number 14) forms base ion (C 5H5O

+)

at

m/z 81 due to a loss of CH3 from odd electron molecular ion by a cleavage, as seen in
Figure 5.4a and Appendix E. This furan is converted to a pyran ring structure that forms
C4H5 + ion at m/z 53 by elimination of CO. A similar mechanism is seen in the formation
of tropylium ion (C 7 H 7 + ) from alkylbenzene. Alpha Cleavage is a radical site initiation

06

scission to free radical chemists) that forms a new bond to an adjacent atom concomitant
with cleavage of another bond to that atom. Inductive cleavage is a charge site initiation
that cleaves a bond by the positive charge, it involves attraction of an electron and
produces a stable EE + ion (even electron ion). Alpha cleavage (a) is more favored than
inductive cleavage [69]. 2,5-Dimethylfuran (C6H8O, 15) forms (M-H) + as a strong peak
at m/z 95, as seen in Appendix E. C6H8O+

gives two fragment ions, CH 3 CO + at m/z 43

and C4H 5 at m/z 53, by a cleavage and inductive cleavage (i). Alkylfurans follow the
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same fragmentation pathways with common ions: CH 3 C0 + (m/z 43), C4H 5 (m/z 53), and
C5H5O+ (m/z 81).
Alkylbenzenes such as toluene (C7H8, 17) form C 7 H 7 + ions with a strong intensity at
m/z 91 and then fragment to C 4 H5 + ion at m/z 53 with loss of C2H2. Species 18 is
identified as 3H-furan-2-one (α-crotonolactone or 4-hydroxy-3-butenoic acid lactone).
A molecular odd electron ion (C 4H4O2+) produces C3H4O at m/z 56 with loss of CO by a
cleavage and inductive cleavage (i), followed by loss of H to give base peak C3H 3O+

at

ink 55.
3-Hexen-1-ol (C6H12O, 19) fragments to C 5 H 9 + at m/z 69 and C4H7 + at m/z 55 by
sigma bond cleavage (a). This dissociation is favored for alkane fragmentation at a
carbon atom (C-C bond) that is more highly substituted. Allylic cleavage in an alkene
creates an important fragment ion, C 3 H 5 + at m/z 41. C 6 H1 0 ion at m/z 82 comes from
elimination of H2O via hydrogen shift, which often happens in the fragmentation pathway
of alcohol compounds. 2-Furanmethanol (C5H6O², 22) gives base peak at m/z 81 with
loss of OH by a cleavage and then undergoes elimination of CO for the formation of
C4H5+ ion at m/z 53, as seen in Figure 5.4b. Ring cleavage of 2-furanmethanol leaves
C 4 H S O at m/z 69 with loss of CHO, undergoes hydrogen shift and elimination of CO to
give C4H6O at m/z 70, or proceeds to the formation of two fragment peaks, C2H2O at m/z
42 and C3H 4 O at m/z 56.
5-Methyl-2(3H)-furanone (C5H6O2, 24) favors the formation of a base peak C 3 H 3 O +
at m/z 55 with loss of CO by inductive cleavage and CH3 by cc cleavage. This furanone
preferably forms an important ion C²H3O + at m/z 43 by inductive cleavage. Cyclopent-2en-1,4-dione (C 5H4O2

, 25) is identified by three peaks at m/z 42 (C2H2O), 54 (C3H2O),

141
and 68 (C4H4O). C4H4O originates from loss of CO by inductive cleavage (i). C2H20 and
C3H2O are formed by double a cleavage. 2-Cyclohexen- 1 -one (C6H80, 29) also shows a
similar fragmentation mechanism via loss of CO that gives C 5 H 8 peak at m/z 68. 3Methyl-2,5-furandione (C5H 4 O3, 30) undergoes elimination of CO 2 to give a major peak
C4H40 at m/z 68 via a cleavage and then loss of CO via inductive cleavage. Hydrogen
shift via sigma bond cleavage (o) results in the loss of CO and H to give C5H5 + ion at m/z
65 from phenol molecular ion (C6H6O, 32), as shown in Figure 5.4c.
Major fragment ions at m/z 43, 55, 69, and 84 are produced by cleavage of the pyran
ring via α cleavage and enable to identify as 3,4-Dihydro-6-methyl-2H-pyran-2-one
(C6H8O, 34). 2-Hydroxy-3-methyl-2-cyclopenten-l-one (C6H8O 2 , 35) also fragments to
C 5 H8O ion at m/z 84 via loss of CO. C5H80 ion yields C4H5O + by alpha cleavage or
C3H4O by inductive cleavage. 5-Hydroxymethyl-2-tetrahydrofurfural-3-one (C6H8O 4 , 38)
is initiated by a cleavage and fragmented into ions at m/z 42, 43, 57, 69, 85, and 116.
These furan and furanone have the following ions as major peaks in their spectra: C2H3O +
(m/z 43), C4H5 + (m/z 53), C 3 H 3 O + (m/z 55), C4HSO + (m/z 69), and C 5 H S O + (m/z 81).
Base peak C 2 H 4 O2 at m/z 60 is produced with C4H6O3 at m/z 102 by α cleavage of two
CO bond from levoglucosan molecular ion (C6H10O 5 , 41). This C 4 H6O 3 ion will undergo
further fragmentation for the formation of C3H S O2 at m/z 73 with loss of CHO by
inductive cleavage.
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5.3.2 Product interpretation in the Pyrolysis and Oxidation of Polystyrene
Figures 5.2a and 5.2b illustrate total ion chromatograms from impinges samples collected
at different main reactor temperatures, 400°C, 550°C, and 600°C in polystyrene
oxidation. Impinger samples are analyzed by Varian Ion Trap GC/MS and compared for
initial gas products from polystyrene oxidation with the library spectrum at 400°C
volatilization oven temperature in the four different reaction systems, ø = — 0.1 and (I) =
0.8 with and without NaCI. Results show that there are no chlorinated compounds in the
oxidation of polystyrene with NaCl. Most gas products identified by GC/MS are species
with aromatic structure and exist in all four systems. Figure 5.2c illustrates each gas
product identified in detail and peaks are numbered with their structures.
Most gas species from these total ion chromatograms are identified with high purity
match over 900. MS spectra of 42 species are included in Appendix F. 13 representative
species in the polystyrene oxidation are discussed and interpreted in detail, and are shown
in Figures 5.5a to 5.5c. The remaining gas species in Appendix F from polystyrene
oxidation follow these fragmentation mechanisms. Each peak number on total ion
chromatogram (Figure 5.2a to 5.2c) corresponds to the number in Figures 5.5a to 5.5c or
in Appendix F.
Styrene (C8H8, peak number 14) is a major gas product in the polystyrene oxidation
and fragments into C6H6 at m/z 78 with loss of C²H2 and then C4114 at m/z 52 with
continued loss of C 2 H2, as seen in Figure 5.5a. The base ion C6H 5+ at m/z 77 can be
directly formed from benzaldehyde (C7H6O, peak number 15) with loss of CHO.
Benzofuran (C8H60, 17) fragments into C7H6 ion at m/z 90 via loss of CO due to
cleavage of C-O bond by a cleavage. C5H4 (m/z 64) is an important odd electron ion and
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is a result from the loss of CO from C6H4O (m/z 92), which is formed from C7H6O2
molecular ion, 1,3-benzodioxole (C7H6O2, 18), via loss of CH2O.
Two ketones, 1-phenyl-1,2-propanedione (C9H8O2, 22) and 2,3-dihydro-1H-inden-1one (C9H80, 24), have a common ion series: m/z 43, 51 and 52, 77 and 78, 104 and 105.
1-Phenyl-1,2-propanedione has a base ion C 7 HSO + (m/z 105) with loss of CH 3CO (m/z
43) via α cleavage. Benzoic acid (C9H10O, peak number 25) fragments to give two ions,
C7H5O + (m/z 105) and C6H5 (m/z 77), as seen in Figure 5.5b. C6H5 radical at m/z 77 is
produced either by loss of OH via a cleavage and elimination of CO via inductive
cleavage or by loss of CHO2 + from the molecular ion via a cleavage. C4H3 ion at m/z 51
is one of the major ions formed from aromatic species and can be formed from base ion
C6H5 with loss of C2H² via double a cleavages. 3-Phenyl-2-propen-1-ol (C9H10O, 28)
breaks down to the base peak C7H7 + (tropylium ion) at m/z 91, which is formed by a
cleavage and hydrogen shift, and then C7H 7 + ion undergoes further fragmentation to
C5H5 + ion at m/z 65. C6H5 radical at m/z 77 is produced from the molecular ion (C9H10O
at m/z 134) via loss of CH2OH and C2H² by continued a cleavage. Alkylbenzenes, such
as toluene (11) and ethylbenzene (12), give fragmentation of C 7 H 7 + into C 5 H 5 + , as
described previously in Figure 5.4a.
Aromatic species (CnH<= n ) have common ions: m/z 38-39, 50-52, 63-65, and 75-78.
a-Methylstilbene (C151114, 34) has these ions. C141111 + ion (m/z 179) is formed by loss of
CH3, and C9H9 + ion (m/z 117) is produced via alpha cleavage. Styrene dimer (C161116, 40)
and 2,4-diphenyl-1-butene show these common ions: m/z 51, 65, 91, 105, 117, 131, and
182 that are produced by α cleavage. Hexahydrocrysene (C181118, 46) also fragments to
these common ions, as seen in Figure 5.5c. Another ketone, 1,3-diphenyl-2-propen-1-one

144
(C1511120, 48), produces four major ions at m/z 77, 103, 105, and 131 via simple a
cleavage. Styrene trimer (C24H²4, 51), 2,3,6-triphenyl-1-hexene, can fragment into major
ions at m/z 65, 77, 91, 104, 117, 195, and 207.

5.3.3 Product Interpretation in the Pyrolysis and Oxidation of Polyethylene
90 Gas species from polyethylene oxidation are identified by Varian Ion Trap GC/MS
analysis and are numbered from peak numbers 19 to 90, as shown in Figure 5.3a. Figure
5.3b illustrates each gas product identified at 400°C volatilization oven temperature and
2.0 second residence time in Polyethylene / Air System. Most gas products in the total
ion chromatograms are alkanes, alkenes, ketones, and aldehydes.
18 representative species in polyethylene oxidation are discussed and interpreted in
detail, and are shown in Figures 5.6a to 5.6c. MS spectra of 66 species are included in
Appendix G. Each peak number on the total ion chromatogram (Figure 5.3a and 5.3b)
corresponds to the number in Figures 5.6a to 5.6c or in Appendix G.
Tetrahydro-2-methylfuran (C 5 1110O, peak number 19) produces base peak C 4 H 7 O + at
m/z 71 with loss of CH3 via a cleavage. Inductive cleavage of the molecular ion
produced by α cleavage results in the formation of C2H4O (m/z 44) and C3H6 (m/z 42), as
seen in Figure 5.5a. 1,4-Dimethylcyclohexane (C81 -116O, 38) is initiated by sigma bond
dissociation (a) to form odd electron molecular ion (0E + *) and then fragments to major
peaks at m/z 55 and m/z 97, as seen in Figure 5.6b. Cycloalkanes have common ions: m/z
42, 55, 56, 70, and 84. Cyclohexyethanone (C8H140, 58) has major peaks at m/z 43, 55,
and 83, as seen in Figure 5.6c.
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Ketones and aldehydes have common ions: m/z 29, 41-43, 55-57, 69-71, and 83-85.
Pentanal (C5H10O, 21) fragments to base peak C²H4O at m/z 44 and C3H6 at m/z 42 by
hydrogen shift and α cleavage via the formation of 6 member ring. C4H9 radical at m/z 57
is formed directly from the loss of CHO from the odd electron molecular ion. Pentenal
(C5H8O, 23) gives base peak C4H7 + at m/z 55 either by loss of H and CO via inductive
cleavage or by loss of CHO via a cleavage. This α cleavage is followed by donation of
the unpaired electron to the adjacent C=O bond with transfer of an electron from another
bond of this carbon atom (rapid electron rearrangement). Allylic cleavage can initiate
formation of a favorable odd molecular ion in an alkene. Allylic cleavage results in the
formation of C3H 5 (m/z 41) by loss of CH3 and CO via H shift in the fragmentation of
pentenal.
4-Methyl-3-penten-2-one (C 6 H 1 9O, 25) also shows common ions: m/z 43, 55, and 83.
Alkylketones are dominated either by hydrogen shift via the formation of 6 member ring
or by α cleavage. 2-Hexanone (C6H12O, 27) fragments to form C3H6O (m/z 58) via
hydrogen shift and a cleavage. CH3CO + (m/z 43) is formed from the molecular ion via
direct a cleavage, as seen in Figure 5.6a. 5-Hepten-2-one (C7H12O, 37), 2,5-hexanedione
(C61110O2, 44), 3-ethyl-2-pentanone (C71414O, 49), 7-octen-2-one (C811140, 52), and 3octeanone (C8H16O, 53) show the same fragmentation pathway for the formation of base
ion CH3CO + (m/z 43) via a cleavage, as seen in Figure 5.6b and 5.6c. Hydrogen shift
contributes to formation of the following peaks: C4H6 (m/z 54), C4H8 (m/z 56), C3H6O
(m/z 58), C5H8 (m/z 68), and C4H8O (m/z 72).
Alcohols can be fragmented to form their major peaks via sigma bond dissociation or
a cleavage, as seen in the fragmentation of 1,6-heptadien-4-ol (C7H12O, 43), 2,2-
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dimethyl-1-pentanol (C7H16O, 46), and 2-methyl-1-penten-3-ol (C6H12O, 50).
Alkenes (CnH2n) and alkenes with a branched group have common ions: m/z 41, 55,
and 69, and 83. Octene (C8H16, 28) and 4,5-dimethly-1-hexene (C8H1 6 , 36) show
common ions at m/z 41, 42, 43, 55, 69, 70, and 71. These common ions might be formed
by hydrogen shift, as seen in the fragmentation pattern of octene in Figure 5.6a. Allylic
cleavage and sigma bond dissociation can initiate the fragmentation of octene. Alkenes
with branches such as 4,5-dimethly-1-hexene and fragmentation of alkane (CnH2n +2)) such
as 2,7-dimethyloctane (C10H22, 56) are initiated by sigma bond cleavage (σ) at a branch
site. Alkanes have common ions: 43, 57, 71, and 85, as seen in Figure 5.6c.
The remaining species, such as aldehydes, ketones, alkanes, and alkenes are
presented in Appendix G and follow similar fragmentation mechanisms as the
representative species discussed above in detail, as seen in Figure 5,6a to 5.6c.

CHAPTER 6

CONCLUSIONS

A dual zone, continuous feed tubular reactor is developed to assess the potential for
formation of products from incomplete combustion in thermal oxidation of common
polymers. Solid polymer powder (cellulose, polystyrene, or polyethylene) is fed
continuously into a volatilization oven where it fragments and vaporizes under steady
state conditions. The gas phase polymer fragments flow directly into a second, main flow
reactor oven and undergo further reaction. Temperatures in the main flow reactor are
independently varied to observe conditions needed to convert the initial polymer
fragments to CO2 and H20. Combustion products are monitored at main reactor
temperatures from 400°C to 750°C and at 2 seconds residence time with four, on-line
GC/FID's. Polymer reaction products and intermediates are further identified by GC/MS.
41 species are positively identified and ca. 100 species are tentatively identified in
the pyrolysis and oxidation of cellulose. Increases in main reactor temperature at constant
fragment reaction time shift the molecular weight distribution toward lower mass and
increase extent of conversion. Complete conversion (mineralization) of identified
cellulose fragments is observed at 2 seconds reaction time and 750°C under fuel lean
conditions. The major products are carbonyl compounds, hydrocarbons, furans, pyrans,
and anhydro-sugars at 400°C initial temperature for main reactor and volatilization oven.
Cellulose in the presence of NaCl shows high decomposition of levoglucosan and rapid
reaction and conversion to CO and CO 2 . Formation of major initial products, C6
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oxygenated species, hydrocarbons (C 5 - C 7 ), furan derivatives (C 4 and C5), and light
species (C1 - C4) are inhibited by NaCl at both 4) = — 0.25 and 4) = — 0.8.
52 initial fragments from combustion of polystyrene are positively identified and ca.
100 species are tentatively identified. Major initial products are monomer, dimer, and
trimer styrene, which are pyrolyzed by end chain and random scission. Increases in
temperature of main reactor increase production of polynuclear aromatic hydrocarbon
(PAH) and extent of conversion. Complete conversion of identified initial fragments is
observed at 2 seconds residence time, 750°C, with fuel lean conditions at 4) — 0.1 and 4)
= — 0.8. In overall NaCl and (1) effects, there are no observed NaCl effects on combustion
of polystyrene: The product distribution versus temperature is changed for high yield
species and complete decomposition of initial products is increased by about 50°C at 4) =
— 0.8 relative to 4) = — 0.1.
The pyrolysis and oxidation of medium density polyethylene (MDPE) with branch
chains is conducted in the range of 400°C to 650°C main reactor temperature. Fuel
equivalence ratios are between 0.24 and 0.32 at 2 seconds residence time. 90 species are
identified and quantified, and ca. 300 species are tentatively identified. Major products
are alkanes, alkenes, aldehydes, ketones, and alcohols in the range of C i to

C22. Most

prominent products over 1 % are CO, CO 2 , methane, ethene, formaldehyde, propene,
propane, butene, 2-pentanone, and pentanal. Most gas products over

C5

are rapidly

decomposed at 575°C and 600°C main reactor temperature, but species below

C4

between 550°C and 600°C show a maxima in concentration and then decompose rapidly
at 625°C. Most products are hydrocarbons and oxygenated hydrocarbons. Oxygenated
hydrocarbons increase in concentration to 500°C and then decrease while hydrocarbons
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increased to 550°C and then maintain concentration up to 600°C due to high
concentration of C1 to C4.
The overall effect of increasing temperature from 400°C to 750°C with other
parameters fixed is to reduce higher molecular weight intermediates from polymer
decomposition for cellulose, polystyrene, and polyethylene under conditions of fuel lean
equivalence ratio and 2.0 sec reaction time. An initial increase in levels of lower
molecular weight products is observed, followed by their conversion to CO2 and H2O as
the temperature of complete combustion is approached.
The decomposition products from the three polymers are complex and are
representative of the different polymer structures and their respective pathways of
decomposition. Cellulose decomposition results in a large variety of complex organic
hydrocarbons and oxyhydrocarbon species. Polystyrene volatilization and oxidation
results in aromatic and substituted aromatics. Polyethylene products distribute in
hydrocarbons and oxyhydrocarbons in the range of C I to C22 with relatively low aromatic
species in their concentration. Volatilization products from thermal pyrolysis or oxidation
of cellulose and polystyrene are shown to achieve complete combustion to CO 2 and H20
at temperature of 750°C under the reaction conditions of this study. Gas products from
polyethylene combustion, however, are mineralized at 650°C.
Continuous feed, steady state reactor operation enables the monitoring of: polymer
volatilization (initial fragmentation and decomposition), initial and intermediate polymer
products and their concentrations, and fate of products as a function of temperature. This
data supplements knowledge of the reaction process provided by batch or drop-tube
furnace reactors. It is of value in interpretation of initial volatilization species, both
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qualitative distribution and concentrations. It also provides quantitative data on fate or
conversion versus temperature.
We suggest the use of total hydrocarbon and CO or CO 2 as a continuous monitor
relevant to the attainment of uniform operation in these studies. Total hydrocarbon is a
valid monitor of the steady state when operating at low conversion, and CO or CO2,
especially if calibrated for mass balance, is appropriate to higher conversion.

APPENDIX A

FIGURES IN CHAPTER 2

This appendix includes all the figures shown in chapter 2 (pyrolysis and oxidation of
cellulose), from Figures 2.4 to 2.19, as listed in list of figures.
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Figure 2.4 Temperature Profile of Continuous Feed Flow Reator Oven

153

Figure 2.5 Temperature Profile with and without Cellulose Feed 55 mg/min
at 400 ° C Volatilization Oven and 750 ° C Main Reactor.

154

Figure 2.6a GC/FID Total Hydrocarbon Signal Plot
Indicated Overall Uniformity and Steady State Operation
in Continuous Feed Reactor in Cellulose / Air System

Figure 2.6b Analysis of Uniformity and Steady State Operation via CO and CO,
at 400 ° C Main Reactor and 4 = — 0.25 in Cellulose / Air System

155

Figure 2.7 Chemical Structure of Major Gas Products in Cellulose Oxidation

Figure 2.8 Gas Products from the on-line GCs at 400°C Main Reactor and 4) = — 0.25 in Cellulose / Air System

Figure 2.8 (Continued)

158

Figure 2.9 Gas Products from the on-line GCs at = 0.25 in Cellulose I Air System

Figure 2.9 (Continued)

Figure 2.10 Gas Products from the on-line GCs at (I) = 0.25

in Cellulose / NaCl (5 % of Cl) / Air System

Figure 2.10 (Continued)

Figure 2.11 Gas Products from the on-line GCs at 4 = ~ 0.8
in Cellulose / Synthetic Air System
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Figure 2.12 Gas Products from the on-line GCs at (I) = — 0.8
in Cellulose / NaCI (5 % of Cl) / Synthetic Air System

164

Figure 2.13a Aromatic Species at 4 = 0.25 in Cellulose / Air System

165

Figure 2.13b Oxygenated Species (C 4 and C 5 ) at (1) = — 0.25

in Cellulose / Air System

166

Figure 2.13c C 1 - C 4 Species at = 0.25 in Cellulose / Air System

167

Figure 2.13d CO and CO 2 at 4i — 0.25 in Cellulose / Air System

168

Figure 2.13e Total Product Yield at (1) — 0.25
in Cellulose / Air System

169

Figure 2.13f Total Product Yield at 4 = 0.25
in Cellulose / NaCl (5 % of Cl) Air System

170

Figure 2.14a Aromatic Species at 4) = — 0.8
in Cellulose / Synthetic Air System

171

Figure 2.14b Oxygenated Species (C 4 and C 5 ) at 4 = — 0.8
in Cellulose / Synthetic Air System

172

Figure 2.14c C 1 - C 4 Species at (I) = ~ 0.8
in the Cellulose / Synthetic Air System

173

Figure 2.14d CO and CO 2 at 4 = — 0.8
in Cellulose / Synthetic Air System

174

Figure 2.14e Total Product Yield at 4 = — 0.8
in Cellulose / Synthetic Air System

175

Figure 2.141 Total Product Yield at' = — 0.8

in Cellulose / NaCl (5 % of Cl) I Synthetic Air System

176

Figure 2.15 Conversion Efficiency in the Four Cellulose Oxidation Systems

177

Figure 2.16b CO and CO 2 at 800 ° C and 850 ° C in Cellulose / Air System

Figure 2.17a Comparison of Gas Products at 400°C Main Reactor
in the Four Cellulose Oxidation Systems

179

Figure 2.17b Comparison of Gas Products at 500°C Main Reactor
in the Four Cellulose Oxidation Systems

Figure 2.17c Comparison of Gas Products at 600°C Main Reactor
in the Four Cellulose Oxidation Systems

181

Figure 2.17d Comparison of Gas Products at 700°C Main Reactor
in the Four Cellulose Oxidation Systems

182

Figure 2.18 Comparison of Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.18 Comparison of Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.18 Comparison of Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.18 Comparison of Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.18 Comparison of Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.18 Comparison of Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.18 Comparison of Total Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.18 Comparison of Total Product Yield
in the Four Cellulose Oxidation Systems
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Figure 2.19 Formation of Levoglucosan

APPENDIX B

FIGURES IN CHAPTER 3

This appendix includes all the figures shown in chapter 3 (pyrolysis and oxidation of
polystyrene), from Figures 3.2 to 3.20, as listed in list of figures.
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Figure 3.2 Temperature Profile with and without Polystyrene Feed 7.4 mg/min
at 400 ° C Volatilization Oven and 800 ° C Main Reactor

Figure 3.3a GC/FID Total Hydrocarbon Signal Plot
Indicated Overall Uniformity and Steady State Operation
in Continuous Feed Reactor in Polystyrene / Air System

Figure 3.3b Analysis of Uniformity and Steady State Operation via CO 2
at 800 ° C Main Reactor and 4 = — 0.1 in Polystyrene / Air System
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Figure 3.4 Chemical Structure of Major Gas Products in Polystyrene Oxidation

Figure 3.5 Gas Products from the on-line GCs at 550°C Main Reactor and (I) = — 0.1 in Polystyrene / Air System

Figure 3.5 (Continued)

197

Figure 3.6 Gas Products from the on-line GCs at ø = — 0.1 in Polystyrene / Air System
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Figure 3.6 (Continued)
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Figure 3.7 Gas Products from the on-line GCs at (I) = — 0.l
in Polystyrene / NaCl (5 % of Cl) / Air System

Figure 3.7 (Continued)
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Figure 3.8 Gas Products from the on-line GCs at 4 = ~ 0.8
in Polystyrene / Synthetic Air System
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Figure 3.8 (Continued)
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Figure 3.9 Gas Products from the on-line GCs at 4 = ~ 0.8
in Polystyrene / NaCI (5 % of Cl) / Synthetic Air System

Figure 3.9 (Continued)

205

Figure 3.10a Major Species at ø = ~ 0.1 in Polystyrene / Air System

206

Figure 3.10b C

C 24 Species at ø = ~ 0.1 in Polystyrene / Air System

207

Figure 3.10c C 14 and C1 5 Species at 4 = ~ 0.1 in Polystyrene / Air System

208

Figure 3.10d C 9 - C 14 Species at 4 = ~ 0.1 in Polystyrene 1 Air System

209

Figure 3.10e C 7 - C 9 Species at 4 = ~ 0.1 in Polystyrene / Air System

210

Figure 3.10f C 6 - C 9 Species at if. = ~ 0.1 in Polystyrene / Air System

211

Figure 3.10g Light Hydrocarbons at i:13. ~ 0.1 in Polystyrene / Air System

212

Figure 3.10h CO and CO 2 at (I) = ~ 0.1 in Polystyrene / Air System

213

Figure 3.10i Total Product Yield at (1) = ~ 0.1 in Polystyrene / Air System

214

Figure 3.10j Total Product Yield at 4 = ~ 0.1
in Polystyrene / NaCI (5 % of CO / Air System

215

Figure 3.11a Major Species at 4) = ~ 0.8
in Polystyrene / Synthetic Air System

216

Figure 3.11b C 15 - C 24 Species at (13. = ~ 0.8
in Polystyrene / Synthetic Air System

217

Figure 3.11c C 14 and C 15 Species at = ~ 0.8
in Polystyrene / Synthetic Air System

218

Figure 3.11d C 9 - C m Species at (I) =~0.8
in Polystyrene / Synthetic Air System

219

Figure 3.11e C 7 - C 9 Species at ø = ~ 0.8
in Polystyrene / Synthetic Air System

220

Figure 3.11f C 6 - C 9 Species at 4 = ~ 0.8

in Polystyrene / Synthetic Air System

221

0.8
Figure 3.11g Light Hydrocarbons at ø=
in Polystyrene / Synthetic Air System
~
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Figure 3.11h CO and CO 2 at ø ~ 0.8 in Polystyrene / Synthetic Air System
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Figure 3.111 Total Product Yield at (I) = ~ 0.8
in Polystyrene / Synthetic Air System
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Figure 3.11j Total Product Yield at (I) = 0.8
/ Synthetic Air System
in Polystyrene / NaCl (5 % of
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Figure 3.12 Conversion Efficiency in the Four Polystyrene Oxidation Systems

226

Figure 3.13 CO and CO 2 at 800 ° C and 850 ° C Main Reactor
in Polystyrene / Air System

227

Figure 3.14a Comparison of Gas Products at 400°C Main Reactor
in the Four Polystyrene Oxidation Systems

228

Figure 3.14b Comparison of Gas Products at 500°C Main Reactor
in the Four Polystyrene Oxidation Systems

229

Figure 3.14c Comparison of Gas Products at 600°C Main Reactor
in the Four Polystyrene Oxidation Systems
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Figure 3.14d Comparison of Gas Products at 700°C Main Reactor
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Product Yield
in the Four Polystyrene Oxidation Systems

239

Figure 3.15 Comparison of Total Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.15 Comparison of Total Product Yield
in the Four Polystyrene Oxidation Systems
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Figure 3.16 Decomposition of Polystyrene: Initiation

242

Figure 3.17a Propagation Reactions of Primary Polystyryl Radical (R e )
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Figure 3.17a (Continued)

244

Figure 3.17b Propagation Reactions of Secondary Polystyryl Radical (Re)

245

Figure 3.17b (Continued)
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Figure 3.17c Propagation Reactions of Tertiary Polystyryl Radical (R t )

247

Figure 3.18 Decomposition of Polystyrene: Termination

248

Figure 3.19 02 Reactions with a-Styryl and a-Methylstyrene Radical

249

Figure 3.20 Oxidation of Styrene

250

Figure 3.20 (Continued)
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FIGURES IN CHAPTER 4

This appendix includes all the figures shown in chapter 4 (pyrolysis and oxidation of
polyethylene), from Figures 4.1 to 4.7c, as listed in list of figures.
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252

Figure 4.1 Temperature Profile with and without Polyethylene
Feed 24 mg/min in Polyethylene / Air System

Figure 4.2 GC/FID Total Hydrocarbon Signal Plot
Indicated Overall Uniformity and Steady State Operation
in Continuous Feed Reactor in Polyethylene / Air System

Figure 4.3 Gas Products from the on-line GCs at 400°C Main Reactor and (I) = 0.3 in Polyethylene / Air System

Figure 4.3 (Continued)
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Figure 4.4 Gas Products from the on-line GCs at 4 = 0.3 in Polyethylene / Air System

Figure 4.4 (Continued)

258

Figure 4.5a Alkanes at (I) = ~ 0.3 in Polyethylene / Air System

259

Figure 4.5b Alkenes at = ~ 0.3 in Polyethylene / Air System

260

Figure 4.5c C 1 - C 3 Aldehydes at (I) = ~ 0.3 in Polyethylene / Air System

261

Figure 4.5d C 5 - C 8 Aldehydes at ø = ~ 0.3 in Polyethylene / Air System

262

Figure 4.5e Ketones at ø = ~ 0.3 in Polyethylene / Air System

26.3

Figure 4.5f C 5 - C 8 Species at 4 = ~ 0.3 in Polyethylene / Air System

264

Figure 4.5g Total Product Yield at (0 = ~ 0.3 in Polyethylene / Air System

265

Figure 4.5h Total Product Yield at = ~ 0.3 in Polyethylene I Air System
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Figure 4.6 Decomposition of Polyethylene: Initiation

267

Figure 4.7a ß-Scission and Intermolecular Hydrogen Transfer
in the Propagation

268

Figure 4.7b Intramolecular Hydrogen Transfer in the Propagation

269

Figure 4.7c 02 Reaction in the Propagation
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Figure 4.7c (Continued)

271

Figure 4.7c (Continued)
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FIGURES IN CHAPTER 5

This appendix includes all the figures shown in chapter 5 (GC/MS analysis), from
Figures 5.1a to 5.6c, as listed in list of figures.
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Figure 5.1a GC/MS Total Ion Chromatogram of Impinger Sample
from Run at 400°C Main Reactor and 49= — 0.25
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Figure 5.1b GC/MS Total Ion Chromatogram of Impinger Sample
from Run at 400°C Main Reactor and ø = ~ 0.8
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Figure 5.2a GC/MS Total Ion Chromatogram of Impinger Sample
from Run at (I) = ~ 0,1 in Polystyrene / Air System
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Figure 5.2b GC/MS Total Ion Chromatogram of Impinger Sample
from Run at (I) = ~ 0.8 in Polystyrene / Synthetic Air System
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Figure 5.4a Mass Spectral Fragmentation Pathways of Major Gas Products
in Cellulose Oxidation
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Figure 5.4b Mass Spectral Fragmentation Pathways of Major Gas Products
in Cellulose Oxidation

285

Figure 5.4c Mass Spectral Fragmentation Pathways of Major Gas Products
in Cellulose Oxidation
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Figure 5.5a Mass Spectral Fragmentation Pathways of Major Gas Products
in Polystyrene Oxidation
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Figure 5.5b Mass Spectral Fragmentation Pathways of Major Gas Products
in Polystyrene Oxidation
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Figure 5.5c Mass Spectral Fragmentation Pathways of Major Gas Products
in Polystyrene Oxidation
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Figure 5.6a Mass Spectral Fragmentation Pathways of Major Gas Products
in Polyethylene Oxidation
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Figure 5.6b Mass Spectral Fragmentation Pathways of Major Gas Products
in Polyethylene Oxidation

291

Figure 5.6c Mass Spectral Fragmentation Pathways of Major Gas Products
in Polyethylene Oxidation
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